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INTRODUCTION
I . l
Rad i c a l s  -  an i n t rodu ct i on
A r a d i c a l  i s  a s p e c i e s  w i t h  an unpaired e l e c t r o n .
The c l a s s i c a l  r e s e a r c h  papers  o f  Gomberg^ on the t r i p h e n y l m e t h y l  
r a d i c a l  ( I )  ( r e a c t i o n  1 and 2 ) ,  and the study by Lund and
Ph,C-Cl + Ag  > Ph,C" + AgCl (1)
( I )
H\ /= .A  / P h
( I )
2Ph,C- -------------> Y  ) = C  (Z)
P h 3C / \ = /  \ P h
Bodenste in *  (1906)  o f  the and Br^ cha in  r e a c t i o n ,  mark the
be g in n in g  of  or g a n ic  f r e e - r a d i c a l  c h e m is tr y .
Rad ical  k i n e t i c s  opened up w i t h  the r a d i c a l - m i r r o r  removal  
exper im ents  o f  Paneth e t .  a_i.* (1929)  ( r e a c t i o n  3) and o t h e r s ^ .
(CHj)^Pb 7 Pb + 4CE  ^ (3)
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The p y r o l y s i s  o f  t e t r a m e t h y l  l ead  (900-1200°K; 1 s ,  r e s i d e n c e  
in  quartz  furnace)  produced s p e c i e s  (methyl  r a d i c a l s )  which were  
capable o f  removing m ir rors  o f  l e a d ,  antimony and z i n c .  The r a t e s  and 
products  observed made p o s s i b l e  the f i r s t  measurements o f  r a d i c a l  
c o n c e n t r a t i o n  and o f  r a d i c a l  r e a c t i v i t y .
The R i c e - H e r z f i e l d  mechanisms* (1934)  gave a d e t a i l e d  scheme of  
e lem entary  r a d i c a l  r e a c t i o n s  t o  account  f o r  the r a t e s  and products  o f  
complex p y r o l y s i s  r e a c t i o n s .
1 . 1 . 1  Radiça ls_and_çhemiçal_bondin&
Ingold* (1938)  in trodu ced  a new term in o logy  to  d i s t i n g u i s h  
between the two modes o f  bond f i s s i o n ? .
H e t e r o l y t i c  bond f i s s i o n  ( H e t e r o l y s i s ) :
A:B -------------> A“ + B"^  (4)
Homolytic  bond f i s s i o n  (H om olys i s ) :
A:B  > A- + B- (5)
H e t e r o l y s i s  ( e q u a t io n  4) i n v o l v e s  the unsymmetrical  c l e a v a g e  o f  
the c o v a l e n t  bond and r e s u l t s  in  the form at ion  o f  two io n s  from a 
n e u t r a l  m o le c u le ;  hom olys i s  ( e q u a t i o n  5 ) ,  on the o th e r  hand, by  
d i v i s i o n  o f  the e l e c t r o n  p a i r ,  r e s u l t s  in  the form at ion  o f  two 
e l e c t r i c a l l y  n e u t r a l  f r e e - r a d i c a l s .
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R ad ic a l s  need not  be n e u t r a l .  The o n e - e l e c t r o n  r e d u c t i o n s  o f  
k e to n e s  g i v e  r a d i c a l  anions  ( e q u a t i o n  6 and 7 ) .
0 0 -
H I +
R-C-R + Na- -------------> R-C- + Na (6)
I
R
0 -  crcr CBCB
I I I  I I
2R—C* -------------> R—C—C—R  } R—C—C—R (7)
I I I  I I
R R R R R
R adica l  c a t i o n s  are produced when r a d i c a l s  c o l l i d e  w i th  organic  
m o le c u l e s  t o  d i s p l a c e  v a l e n c e  e l e c t r o n s  ( e q u a t i o n  8 ) .
R:R + e” -------------> ( R R ) *  + 2e“ (8)
For a l l  l in k a g e s  A:B, h o m o ly s i s  i s  the normal mode o f  f i s s i o n  in  
the  gas phase s i n c e  t h i s  r e q u i r e s  l e s s  energy  than the s e p a r a t i o n  o f  
i o n i c  s p e c i e s * .  However, in  s o l u t i o n ,  h e t e r o l y s i s  i s  g e n e r a l l y  
favoured  s in ce  the s e p a r a t i o n  o f  charged s p e c i e s  i s  a s s i s t e d  by t h e i r  
s o l v a t i o n .
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1 . 1. 2
T h er œ o d x n a m iç s _ p f_ re a ç t iy i ty
A prime need ,  for  m e c h a n i s t i c  p u r p o s e s ,  i s  the h e a t  o f  form at ion  
(AHf(B' ))  . o f  the r a d i c a l s  which l e a d s  t o  knowledge o f  the  v a l u e s  f o r  
AH f o r  e le m en tar y  p r o c e s s e s .
The v a lu e  f o r  AH^(^') o f  b e n z y l  r a d i c a l s  has l ed  t o  a bond 
d i s s o c i a t i o n  energy (BDE)(PhCHj-H)= 355 +4 kJ m o l - i ,  which corresponds  
t o  a s t a b i l i s a t i o n  energy o f  54 + 8 kjmol-?-, when compared t o  the
BDE(CH,CH,-H)= 409 ± 4 k j m o l - i .
I f  we knew, f o r  each chemica l  s p e c i e s  t h a t  might take p a r t  in  a 
s t o i c h i o m e t r i c  e q u i l i b r iu m  r e a c t i o n ,  (a) i t s  h e a t  o f  form at ion  
(AH*fTo»),  and entropy ( S * T o ' ) ,  both  at  the r e f e r e n c e  temperature  
T o ' ,  and (b) i t s  hea t  c a p a c i t y  (Cp-p) over  a l a r g e  temperature range ,  
we c ou ld  p r e d i c t  the e q u i l i b r iu m  c o n s t a n t  f o r  t h a t  s t o i c h i o m e t r i c  
r e a c t i o n  a t  any temperature*-* • .
1 . 1 . 3
The r o l e o f  p o l a r  e f f e c t s in  rad i c a l  r e a c t i o n s
The f i r s t  o b s e r v a t i o n s  o f  the s e n s i t i v i t y  o f  r a d i c a l  r e a c t i o n s  t o  
p o l a r  s u b s t i t u e n t s  were p u b l i s h e d  i n  1945 -1947 .  The tendency  t o  form 
the d i p o l a r  resonance s t r u c t u r e s  has been  termed the  p o l a r i s a b i l i t y  o f  
the s p e c i e s * .  Mayo*, Price*-®, Bartlett*-*-,  and t h e i r  co -w o r k e rs ,  
p o s t u l a t e d  t h a t  d i p o l a r  resonance  s t r u c t u r e s  cause  the t r a n s i t i o n  
s t a t e s  f o r  c e r t a i n  r a d i c a l  r e a c t i o n s  t o  be more s t a b l e  than e x p e c t e d ,  
and t h a t  t h e s e  p o l a r  s t r u c t u r e s  markedly i n f l u e n c e  the  r e a c t i v i t y  
p a t t e r n s  o b s e r v ed .  This  has  been  supported by e x t e n s i v e  f i n d i n g s  in  
more r e c e n t  years*^*.
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One o f  the most in fo r m a t iv e  methods f o r  e x p r e s s i n g  the  
q u a n t i t a t i v e  importance o f  p o l a r  e f f e c t s  in  r a d i c a l  r e a c t i o n s ,  i s  by  
the a p p l i c a t i o n s  o f  the Hammett s i g m a ( o ) -  rho(p) equation*-* [normal ly  
c a l l e d  the L inear  Free-Energy R e l a t i o n s h i p  ( L . F . E . R . ) ] .
The o r i g i n a l  e x p l a n a t i o n  o f  r a d i c a l  r e a c t i o n s  by the Hammett 
e q u a t io n ,  was t h a t  the t r a n s i t i o n  s t a t e s  o f  r a d i c a l  r e a c t i o n s  i n v o l v e  
d i p o l a r  c h a r g e - s e p a r a te d  forms as resonance  s truc tures* -* .  I t  was 
l a t e r  p o i n t e d  out t h a t  the Hammett c o r r e l a t i o n  o f  r a d i c a l  r e a c t i o n s  
a l s o  r e f l e c t s  the r e a c t i v i t i e s  o f  the r a d i c a l s  i n v o l v e d ^ * ' ! * * .
E f f e c t s_o f_ B D E _ a n d _ p o ia r i ty _ q n _ r h q _ v a lu e s _ fq r _ r a d iç a l_ r e a ç t io n s
Heat of  
r e a c t i o n
E f f e c t  o f  Rho
Very
exothermic
S u b s t i t u e n t  e f f e c t  
on BDE
D ip o lar  resonance  
forms
Not important Not important
Thermoneutral Moderate e f f e c t  
( g i v e s  n e g a t i v e  
rho)
Large e f f e c t  
( g i v e s  p o s i t i v e  or  
n e g a t iv e  rho 
depending on 
charge type)
Very
endothermie
Large e f f e c t  
( g i v e s  n e g a t i v e  
rho)
Not important
Table I
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When p o l a r  e f f e c t s  on the t r a n s i t i o n  s t a t e  do become an important  
f a c t o r ,  i t  i s  l i k e l y  t h a t  s e v e r a l  c h a r a c t e r i s t i c s  o f  the r a d i c a l  must 
be c o n s id e r e d  in  order  to  r a t i o n a l i s e  observed  rho v a l u e s * ? ,  for  
example,  e l e c t r o n  a f f i n i t y  and p o l a r i s a b i l i t y  o f  the  s p e c i e s .
1. 2
H o m o l y t i c _ a r o m a t i c _ s u b s t i t u t i o n
D i r e c t  h om oly t ic  a r y l a t i o n  of  an aromatic  compound was rep or te d  
by Gomberg in  1924**.
G e l i s s e n  and Hermans**,?? (1925 )  who i n v e s t i g a t e d  the dec o m p o s i t io n  
o f  b e n z oy l  p e r o x id e  in  v a r io u s  aromat ic  s o l v e n t s ,  i n t e r p r e t e d  the  
r e a c t i o n  ( i n c o r r e c t l y )  as proceed ing accord in g  to  t h e i r  so c a l l e d  'RH' 
scheme : -
ArH + ArCO'OR + CO^  (9a)
(ArCO 0 ) ,  + RH
ArR + ArCO-OH + CO^  (9b)
The d e t a i l e d  mechanism was not  d e f i n e d .
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Hey*®, i n  1934 ,  p o i n t e d  out  t h a t  the r e s u l t s  repor ted  by Gomberg 
could not  be f i t t e d  i n t o  the e s t a b l i s h e d  p a t t e r n  of  e i t h e r  
e l e c t r o p h i l i c  or n u c l e o p h i l i c  aromat ic  s u b s t i t u t i o n ,  but  could be 
e x p la in e d  in terms o f  f r e e - r a d i c a l s  ( t h e y  s u g g e s te d  the phenyl  
r a d i c a l )  as the a t t a c k i n g  s p e c i e s .
Since  then a l a r g e  number o f  r e a c t i o n s  o f  a s i m i l a r  nature  have 
been brought to  l i g h t * * .
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1 . 2 . 1  Homoly t i ç _ a  roma t i£ _ s u b  s t i t u  t io n _ w i  t ^ ^ n z o y  l_pe rox ide
Hey and Waters**(1937)  r a t i o n a l i s e d  the d e c o m p o s i t io n  o f  d i a r o y l  
p e r o x id e s  in  aromatic  s o l v e n t s  in terms of  f r e e - r a d i c a l  i n t e r m e d ia t e s  
in  the f o l l o w i n g  scheme, in  which e q u a t io n s  (10)  -  (12)  r e f l e c t  the  
form at ion  o f  the major p r o d u c t s ,  and e q u a t io n s  (13)  and (14)  show s id e  
r e a c t i o n s ;
(ArCO-0)
A r • + R-H
> Ar* + ArCO'O* + CO,
> Ar-R + ( H )
ArCO'O* + ( H ) --------------- > ArCO'OH
( 1 0 )
( 11)
( 1 2 )
Ar * + RCgH, > RC;H,Ar + ( H ) (13)
ArCO'O* + R-H > ArCO'OR + ( H ) (14)
Scheme I
P roposed_m ode_of_produ£t_ fgrmat ion_in _the_therroo lys is
o f _ t e n z o y l _ p e r g x i d e ^
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I . 2 . 1 . 1  The k i n e t i c s  and mechanism of  benzoy l  p e r o x i de decomp o s i t i o n
Waters** (1941)  formulated the i n i t i a l  act  in  the s u b s t i t u t i o n  
p r o c e s s  as a d d i t i o n  to  the aromat ic  r in g  to  form the  
p h e n y l c y c l o h e x a d i e n y l  r a d i c a l ( I I ) .
Ph* +
P h  H
X
( I I )
(15)
More r e c e n t  comprehensive work on the d e c o m p o s i t io n  o f  b enzoy l  
p e r ox id e  i n  benzene ,  has now e s t a b l i s h e d  the f o l l o w i n g  scheme of  
r e a c t i o n s * * ?
(PhCO-0) > 2PhC0'0  > 2Ph- + 2C0; (16)
Ph• + PhH
[Ph-C ,E ; ] '
( I I )
2[Ph-C;Eg]'
( I I )
2 [ P h - C ,E « ] •
( - B )
[Ph-C,E(]
( I I )
> Ph-Ph
> P h - C ,E , -C ,B , -P h
> Ph-C,E ,  + Ph-Ph
(17)
(18)
(19)
( 2 0 )
( P h - C . H , - , )  Ph-C ,B , -C ,H , -Ph ( 2 1 )
Ph-C,E, > Ph-Ph ( 2 2 )
Scheme I I
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R e a c t io n s  (21)  and (22)  r e q u ir e  an o x i d i s i n g  agent and do not  
occur in  r e a c t i o n s  between b e n z oy l  perox id e  and benzene in  the absence  
o f  oxygen.  Among the a d d i t i o n a l  s t e p s  e s t a b l i s h e d ,  r e a c t i o n s  (19)  and 
(20)  r e p r e s e n t  the d i m é r i s a t i o n  and d i s p r o p o r t i o n a t i o n ,  r e s p e c t i v e l y ,  
o f  the r a d i c a l  ( I I )  (page 9) to  g iv e  hydroaromatic  compounds which ,  in  
turn ,  are dehydrogenated accord ing  to  r e a c t i o n s  (21)  and ( 2 2 ) ,  t o  
y i e l d  b ip h e n y l  and q u a t e r p h e n y l s . Thus the f o l l o w i n g  products  have  
been i d e n t i f i e d * * * .  The major products  are l i s t e d  below for  the  
resonance  hybr ids  o f  r a d i c a l  ( I I ) .
COj, PhCO'OH, PhPh, PhCO-OPh
( 1 . 7 7 ) *  ( 0 . 0 8 ) *  ( 0 . 3 6 ) *  ( 0 . 0 3 ) *
(0 . 22) *
(0 . 27 ) *
*Values in  p a r e n t h e s i s  r e p r e s e n t  y i e l d s  in  moles  per  mole o f  per ox id e
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Evidence f o r  the above scheme
( i )  In the d ecom p os i t ion  o f  b e n z oy l  p e r o x id e  in  benzene ,  quaterphenyls  
were ob ta in ed  in  g r e a t e r  y i e l d  than t e r p h e n y l .  This  i n d i c a t e s  t h a t  
t e r p h e n y l  and quaterphenyl  were not  formed by s u c c e s s i v e  
p h é n y l a t i o n * * .
( i i )  The quaterphenyl  obta in ed  from the r e a c t i o n  o f  sy m m e tr i c a l ly  
d i s u b s t i t u t e d  b enzoy l  per ox id e  w i th  benzene r e v e a le d  s u b s t i t u e n t s  in  
o n ly  two o f  the  aromatic  n u c l e i * * .
( i i i )  When decom p osi t ion  o f  a v e r y  d i l u t e  s o l u t i o n  o f  b e n z oy l  per ox id e  
in  benzene was c a r r i e d  out  in  the complete  absence o f  oxygen,  
hydroarom at ic  products  cou ld  be i s o l a t e d .  These were i som er ic  
d ih y d r o b ip h e n y l s  and an isomer o f  t e t r a h y d r o -p - q u a t e r p h e n y l * *.  When 
oxygen was not  r i g i d l y  e x c lu d ed ,  th e s e  hydroaromatic  compounds could  
n ot  be i s o l a t e d  but were a p p a r e n t ly  o x i d i s e d  to  the correspond in g  b i -  
and p o l y - p h e n y l s .
( i v )  In the decom p os i t ion  o f  b e n z oy l  p e r o x id e  in  b e nzene-1 -**C ,  w h i le  
a l i t t l e  p - t e r p h e n y l  l a b e l l e d  in  one n u c l e u s  was found,  a much l a r g e r  
y i e l d  was ob ta in ed  o f  4 , 4 ' -q u a te r p h e n y l  l a b e l l e d  in  two n u c l e i * ? .  
The k i n e t i c  e q u a t io n  (23)*® o b ta in ed  f o r  the primary hom oly s i s  p r o c e s s  
o f  b e n z oy l  p e r o x id e ,  r e p r es e n te d  by P ,  i n t o  two b e n z o y lo x y  r a d i c a l s  
v i z . ,
- d [ P ] / d t  = k^[P] + k , [ P ] * / *  (23)
c o n t a i n s  the term k^CP]*'*,  a t t r i b u t a b l e  to  induced d e c o m p o s i t io n ./
Th is  g i v e s  r i s e  to  v a r i a t i o n s  in  the observed r a t e  o f  d e c om p os i t ion  
from one s o l v e n t  t o  another**»** ,  a l thou gh  among simple aromat ic  
s o l v e n t s  t h e s e  v a r i a t i o n s  are minor.
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Two modes o f  induced de c om p os i t ion  may occur
Ph- + (PhCO'O"), ------------ > phCO-OPh + PhCO-0- (24)
Ph-C,E;'  + (P hC O 'O ) ,  ------------ > Ph^ + PhCOjE + PhCO-0- (25)
The o x i d a t i o n  o f  the p h e n y l c y c lo h e x a d i e n y l  r a d i c a l s  t o  b i a r y l s  by  
m o le c u la r  b enzoy l  per ox id e  ( r e a c t i o n  25) i s  the predominating  mode o f  
induced d e c o m p o s i t io n .  Such a p r o c e s s  g i v e s  3 / 2  -  order  k i n e t i c s
provided  cha ins  are t erm in ated  by r e a c t i o n  between l i k e  r a d i c a l s  i . e . ,  
by d i m é r i s a t i o n  or d i s p r o p o r t i o n a t i o n  ( r e a c t i o n s  19 and 2 0 ) .  The 
order  o f  r e a c t i o n  would be u n i t y  i f  t e r m in a t i o n  were by r e a c t i o n  
between u n l i k e  r a d i c a l s .  R e a c t io n  (25)  i s  much more important than  
r e a c t i o n  (24)  as v e r y  low y i e l d s  o f  phenyl  be nz oa te  are o b t a in e d * * .
In many a r e n e s ,  l i k e  benzene and c h l o r o b e n z e n e , o t h e r  r e a c t i o n s  
i n v o l v i n g  the b enzoy loxy  r a d i c a l  are o f  minor importance because  o f  
the low s t a t i o n a r y  c o n c e n t r a t i o n  o f  the b e n z o y l o x y - r a d i c a l  in  such  
s o l v e n t s *  ? * .
For the r e a c t i o n  in  benzene ,  a l k y l b e n z e n e s , f lu or ob e n z e n e  and 
c h lo r o b e n z e n e ,  the ra te  obeys e q u a t io n  ( 2 3 ) ,  so  the cha in  t e r m in a t i o n  
r e a c t i o n s  in v o lv e  d i m é r i s a t i o n  and d i s p r o p o r t i o n a t i o n  o f  the a — 
com plexes .  I t  i s  a l s o  observed t h a t  in  h ig h  d i l u t i o n ,  where secondary  
r a d i c a l  r e a c t i o n s  o f  the dihydroaroma t i c  products  are m in im ised ,  the  
h i g h e s t  y i e l d s  o f  qua t e r p h e n y l s  are o b t a in e d .  When r e s u l t s  from t h i s  
and r e l a t e d  exper im ents  were e x t r a p o l a t e d  t o  i n f i n i t e l y  low 
c o n c e n t r a t i o n  o f  p e r o x i d e ,  a lmost  a l l  o f  the p e r o x id e  cou ld  be 
accounted  f o r  as carbon d i o x i d e  and the p r od u c t s  o f  d i m é r i s a t i o n  and 
d i s p r o p o r t i o n a t i o n  o f  the a -  complex,  w i t h  d i m é r i s a t i o n  account ing  f o r  
as much as 75% o f  the  r e a c t i o n  p r o d u c t s * * » * * » * • .
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In bromobenzene, however,  a b s t r a c t i o n  of  hydrogen by b e n z o y lo x y  
r a d i c a l s  becomes the main pathway which produces b i a r y l  by
dehydrogenat ion  o f  a -  complexes**? .  In s o l v e n t s  showing f i r s t  -  order  
induced dec om p os i t ion  terms (such as bromobenzene) ,  ch a in s  are
termin ated  by r e a c t i o n  ( 2 6 ) ,  and c on s e q u e n t ly ,
[Ph-CgEg]' + PhCO-0* -------------- > Ph-Ph + PhCOOE (26)
y i e l d s  o f  b i a r y l  and a r o ic  ac id  are h i g h ,  and those  o f  the r e s i d u e  are  
low.
The apparent d i f f e r e n c e  in  mechanism between s o l v e n t s  showing 3 / 2  
-  order  k i n e t i c s  ( c h lo r o b e n z e n e ) ,  and s o l v e n t s  showing f i r s t  -  o r d e r  
k i n e t i c s  (bromobenzene) ,  i s  due to  the g r e a t e r  s t a b i l i t y  o f  the
b e n z o y l o x y - r a d i c a l  in  bromobenzene, probably  owing to  the more ready  
form at ion  of  a o n e - e l e c t r o n  t r a n s f e r  complex in  the s o l v e n t .  The 
mechanism in iodobenzene i s  probably  the same as t h a t  in  bromobenzene  
but t h i s  has not  been  t e s t e d  k i n e t i c a l l y  because  o f  e x p e r im en ta l  
d i f f i c u l t i e s * * .  Eowever, the h igh  y i e l d s  of  b i a r y l s  and low y i e l d s  o f  
cr-complex dimers ob ta in ed  in  both  th e se  s o l v e n t s  confirm the mechanism 
p o s t u l a t e d  on the b a s i s  o f  k i n e t i c s  in  bromobenzene.
The r e a c t i o n  in  n i t r o b e n z e n e  i s  more com p l ic a te d .  At v e r y  low 
c o n c e n t r a t i o n s  o f  p e r o x i d e ,  the r a t e  law (27)  i s  obeyed i n d i c a t i n g
t h a t  both  modes o f  t e r m in a t i o n  are important .
- d [ P ] / d t  = k j [ P ]  + k ' , [ P ]  + k , , , [ P ] : / :
Page 1-14
I . 2 . 1 . 2  Fur t her mechani s t i c  f e a t u r e s
I . 2 . 1 . 2 . 1  The nuc l e a r s u b s t i t u t i on r e a c t i o n : -
'Simple f r e e - r a d i c a l  p h é n y l a t i o n '  can,  in  p r i n c i p l e ,  be ach ieved
Ph- + ArH --------------- > PhH + Ar- (28)
by t hree  p o s s i b l e  pathways.
( I )  The a b s t r a c t i o n  and a d d i t i o n  mechanism:
Ar- + Ar'H ------------- > ArH .+  Ar'-  (29a)
A r ' -  + A r ' -  ------------- > A r ' -A r '  (29b)
Ar - + Ar ' -  ------------- > Ar-Ar ' (29c)
( I I )  The a d d i t i o n - a b s t r a c t i o n  mechanism:
Ph.
Ph- + ArH -------------> ^ A r  (30a)
PhArH- + R- --------------- > PhAr + RH (30b)
( I I I )  The synchronous mechanism:
Ph - + Ar—H -----------y [Ph-----Ar----- H] -  > Ph-Ar + H - (31)
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Mechanism ( I )  i s  c o n s id er e d  u n l i k e l y  f o r  e n e r g e t i c  r e a so n s  (h ig h  
a c t i v a t i o n  energy  requ ired  f o r  the  d i s s o c i a t i o n  o f  the  aromat ic  C-H 
bond),  and i t  i s  ru led  out  by the  absence o f  symmetrical  b i a r y l s  
(Ar 'A r')  in the  r e a c t i o n  p r o d u c t s .
The absence o f  a s i g n i f i c a n t  change in  the hydrogen i s o t o p e  
d i s t r i b u t i o n  in  the recovered  s u b s t r a t e s  from the r e a c t i o n  in  
d e u t e r a t e d  and t r i t i a t e d  benzene*? ,  a l s o  argues a g a i n s t  mechanisms  
( I )  and ( I I I )  and renders  f r e e l y  r e v e r s i b l e  a d d i t i o n  in  ( I I )  a l s o  
u n i i k e l y .
C.H,
A
+ isomers (32a)
X ■> C,B, XH (32b)
I f  r e a c t i o n  (32a)  was r e v e r s i b l e  or the r a te  o f  the r e v e r s e
r e a c t i o n  was not  much s lo w er  than the r a te  of  r e a c t i o n  (32b) ( i . e .  i f
r e a c t i o n  (32b) was i n v o lv e d  i n  the  r a t e  determ in ing  s t e p ) ,  then  an
i s o t o p e  e f f e c t  would be found.
Hey and h i s  co l l eagues*?^  s u g g e s te d  t h a t  the a c c e p t a b l e  mechanism 
c o n s i s t e n t  w i t h  t h i s  o b s e r v a t i o n  i s  the  a d d i t i o n - a b s t r a c t i o n  mechanism 
w ith  an i r r e v e r s i b l e  a d d i t i o n  s t e p  t o  form the  a -co m p le x .  More 
r e c e n t l y  S a l t i e l  and Curt is*  * a l s o  rep or te d  the  absence o f  a hydrogen  
i s o t o p e  e f f e c t  in  the  p h é n y l a t i o n  o f  d e u te r a te d  benzene and supported  
the  i r r e v e r s i b l e  a d d i t i o n  o f  phenyl  r a d i c a l s  t o  benzene t o  form the  
a - c o m p l e x .
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Based on the thermochemical  d a t a ,  Jackson** c o n s tr u c t e d  a t a b l e  
t o  p r e d i c t  the f e a s i b i l i t y  o f  the a d d i t i o n  r e a c t i o n  t o  o l e f i n s  and 
benzene by f r e e - r a d i c a l s .  I t  was s u g g e s te d  t h a t  the form at ion  o f  the  
p h e n y l c y c lo h e x a d i e n y l  r a d i c a l  i s  i r r e v e r s i b l e  at  temperatures  be low  
200°C
E l i e l  and co workers*® have shown t h a t  in  the r e a c t i o n  o f  a 
benzene-benzeneDg mixture  w i t h  p - c h lo r o b e n z o y l  p e r o x id e  t o  g i v e  a 
mixture o f  und eu terated  and d e u t e r a t e d  p - c h l o r o b i p h e n y l , whereas the  
deuterium c o n ten t  o f  the product  corresponded t o  an i s o t o p e  e f f e c t  o f
1 .3  ( i . e . ,  the incoming a r y l  r a d i c a l  by a t t a c h i n g  i t s e l f
p r e f e r e n t i a l l y  t o  a hydrogen-bear in g  r a th e r  than a d e u te r iu m -b ear in g  
p o s i t i o n  o f  the s u b s t r a t e ,
i . e . ,  forming:
ArH H
r a th er  than:
ArH D
a l t e r s  the deuterium c o n t e n t  o f  the b i a r y l  p r o d u c t ) ,  the re cove r e d  
s u b s t r a t e  (benzene-benzeneD,)  was c o m p le t e l y  unchanged i n  i s o t o p i c  
c o m p o s i t io n .  ' The complete  absence  o f  such enrichment r u l e s  out  the  
p o s s i b i l i t y  o f  any s u b s t a n t i a l  f r a c t i o n  o f  the 'product  i s o t o p e  
e f f e c t '  be in g  due t o  the r e v e r s i b i l i t y  o f  the a d d i t i o n  s t e p ' * ® .
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With the he lp  o f  i s o t o p i c a l l y  l a b e l l e d  compounds, Jn l ia^ ^  has  
shown t h a t  the c y c l i s a t i o n  o f  4 ~ [ ( 1 - n a p h t h y l ) ( l , D j ) ] b t i t y l  r a d i c a l  
[ 3 3 ( H ) ]  to  the s p i r o c y c l o h e x a d i e n y l  r a d i c a l  [33 (1 )1  i s  in  c o m p e t i t i o n  
w ith  the c y c l i s a t i o n  t o  the r a d i c a l  [ ( 3 3 I I I ) ( 3 D ^ ) .  The i s o l a t i o n  of  
the two d id e n te r o te tr a h y d r o p h e n a n th r e n e s  (IV and IVa) demonstrate t h a t  
the c y c l i s a t i o n  to  (331)  i s  r e v e r s i b l e  in  t h i s  c a s e .
o o 33(11)
11
V. y J  33(1)
o o
33 (III)
o o
33(IIw)
33 (IV.)
Scheme I I I
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Within the mechanism proposed ,  the a d d i t i o n  s te p  i s  he ld  t o  be 
r a t e - d e t e r m i n i n g * ? ' * * ,  and the hydrogen atom in  the a - r a d i c a l  i s  never  
f r e e  but l o s t  in  a b im o le c n la r  hydrogen t r a n s f e r  to  another  r a d i c a l  in  
s o l n t i o n .  The i s o l a t i o n  o f  d i m é r i s a t i o n  and d i s p r o p o r t i o n a t i o n  
pr oduc t s  o f  a - r a d i c a l s  * l s o  g i v e s  support  t o  t h i s  mechanism**.
I t  should be noted t h a t  i f  the r e v e r s i b i l i t y  o f  phenyl  r a d i c a l  
a d d i t i o n  i s  s u b s t a n t i a t e d ,  the y i e l d  o f  b i a r y l  depends on the s tandin g  
c o n c e n t r a t i o n  of  the r a d i c a l s  a t  e q u i l i b r i u m .  This  k i n e t i c  s t a b i l i t y  
i s  d i s t i n c t  from the thermodynamic s t a b i l i t y  where the y i e l d  o f  b i a r y l  
i s  determined by the r a te  o f  i r r e v e r s i b l e  form at ion  of  the  a - r a d i c a l s .  
As y e t ,  th e r e  i s  no unequ ivoca l  e v id en ce  fo r  r e v e r s i b i l i t y  o f  
p h é n y l a t i o n  in systems i n v o lv i n g  a r o y l  p e r o x i d e s .
A d d i t io n  o f  phenyl  r a d i c a l s ,  g e n e r a te d  from b e n z oy l  p e r o x id e ,  t o  
o - d ic h lo r o b e n z e n e  a f f o r d s  the i so m e r ic  p h e n y l d i c h l o r o c y c l o h e x a d i e n y l  
r a d i c a l s [ ( I I I )  and (IV)]  and thence  2 , 3 -  and 3 , 4 - d i c h l o r o b i p h e n y l s [ (V) 
and ( V I ) ] * * .
CL
Cl
+ Ph
w
u a v , p .
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Henriquez and Nonhebel  (1975)**  found t h a t  the r a t i o  o f  (V) t o  
(VI) ob ta in ed  from the r e a c t i o n ,  de c r ease d  w i t h  i n c r e a s i n g  temperature  
but in c r e a s e d  on a d d i t i o n  o f  c o p p e r ( I I )  s a l t s .  They assumed t h a t  the  
r a d i c a l  ( I I I )  was more prone t o  d i s s o c i a t e  than (IV) as i t  was 
thermodynamical ly  l e s s  s t a b l e ,  and on t h i s  b a s i s  c laimed t h a t  the  
change in  isomer r a t i o  was e v id en ce  f o r  the r e v e r s i b i l i t y  o f  the  
a d d i t i o n  s t e p .  The y i e l d s  o f  b i a r y l s  ob ta in ed  by th e se  workers was 
low (22.8% with  r e s p e c t  to  the phenyl  r a d i c a l ,  a t  1 2 0 * 0 ,  and no 
e f f o r t  was made to  monitor the s id e  r e a c t i o n s  t h a t  might a f f e c t  the  
y i e l d  o f  b i a r y l s .  Though they  s u g g e s te d  t h a t  the  o x i d a t i o n  p o t e n t i a l s  
o f  the r a d i c a l s  ( I I I )  and (IV) would be expec ted  to  be s i m i l a r ,  no 
ev id en ce  f o r  t h i s  was p r e s e n t e d .
The low y i e l d s  o f  b i a r y l s  o b ta in ed  s u g g e s t s  th a t  a s i g n i f i c a n t  
p r o p o r t io n  o f  the a - a r y l c y c l o h e x a d i e n y l  r a d i c a l s  go to  products  o t h e r  
than b i a r y l s .  S e l e c t i v e  changes in  the r a t e s  o f  th e s e  r e a c t i o n s ,  
caused by changes in  temperature or the a d d i t i o n  o f  c o p p e r ( I I )  s a l t s ,  
could e a s i l y  account  f o r  the change in  r a t i o s  o f  the b i a r y l s  ob se r ved .
P e r k in s * * ,  has sugge s te d  t h a t  i t  i s  ' improbable th a t  a p p r e c ia b le  
f ragm e n ta t ion  o f  a p h e n y l - c y c l o h e x a d i e n y l  r a d i c a l  would occur in  10-*  
t o  10-*  s ,  a generous  e s t i m a t i o n  f o r  the l i f e t i m e  o f  t h e s e  
r a d i c a l s  in  normal p h é n y l a t i o n  r e a c t i o n s ' ,  on the b a s i s  o f  the h ig h  
a c t i v a t i o n  energy for  the a d d i t i o n  o f  phenyl  r a d i c a l s  t o  benzene .
The in te r m ed iac y  o f  the c y c l o h e x a d i e n y l  r a d i c a l  has been  
demonstrated  by a p h y s i c a l  method us ing  c h e m i c a l l y  induced dynamic  
n u c le a r  p o l a r i s a t i o n  (CIDNP) t e c h n i q u e s * * .  The scheme shown i s  in  
agreement w i th  the s p e c t r a  observed  from both  the b ip h e n y l  and the  
p e n t a c h lo r o a c e to n e  and 1 , 3 , 5 - t r i c h l o r o b e n z e n e .
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1 . 2 . 1 . 3  The nature of the ph e n y l ,______ benz o y loxy and
p h e n y l c y g lo h e x a d ie n y l  r a d i c a l s .
E l e c t r o n  sp in  resonance ( E .S .R . )  s t u d i e s  o f  the phenyl  r a d i c a l  in  
a s o l i d  matr ix  a t  77®C, showed t h a t  the unpaired e l e c t r o n  remains in  
the sp* o r b i t a l  o f  the carbon atom a t  which bond breaking  has  
o c c u r r e d ^ ! .  This  lack  of  resonance s t a b i l i s a t i o n  i s  r e f l e c t e d  in  the  
h i g h l y  r e a c t i y e  nature  o f  the phenyl  r a d i c a l .
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S t u d i e s  o f  hydrogen a b s t r a c t i o n  by the phenyl  r a d i c a l  showed an 
almost  complete  i n s e n s i t i v i t y  to  p o l a r  e f f e c t s * * , * *  (p = -  0 . 1  in  
hydrogen a b s t r a c t i o n  from s u b s t i t u t e d  t o l u e n e s  would i n d i c a t e ,  a t  the  
most ,  a very  s l i g h t  e l e c t r o p h i l i c  c h a r a c t e r ) .  The numerous s t u d i e s ^ i  
concern in g  h o m o ly t i c  aromatic  p h é n y l a t i o n  i n d i c a t e  t h a t  the  
s u b s t i t u e n t  e f f e c t  i s  very  small  because  n e i t h e r  the t o t a l  r a t e s  nor  
the p a r t i a l  r a te  f a c t o r s  d i f f e r  g r e a t l y  from u n i t y .  Above a l l ,  i n  
the absence o f  s t e r i c  e f f e c t s ,  a l l  s u b s t i t u e n t s  a c t i v a t e  the aromat ic  
nu c le u s  t o  a small  e x t e n t  towards a t t a c k  by pheny l  r a d i c a l s ,  such  
a c t i v a t i o n  be ing  independent o f  t h e i r  p o l a r  c h a r a c t e r .  The phenyl  
r a d i c a l  cou ld  t h e r e f o r e  appear to  be almost  the i d e a l  nonpolar  
f r e e - r a d i c a l .
Two r e c e n t  f a c t s  c ou ld ,  however,  i n d i c a t e  t h a t  even the r e a c t i v i t y  
o f  the phenyl  r a d i c a l  can be i n f l u e n c e d  t o  some e x t e n t  by p o l a r  
e f f e c t s .  The f i r s t  concerns the h om oly t ic  p h é n y l a t i o n  o f  
h e t e r o a r o m a t i c  b a s e s  in  a c i d i c  media where the r e a c t i v i t y  and 
s e l e c t i v i t y  o f  the o r t ho and para p o s i t i o n s  i s  i n c r e a s e d * * , * * .  The 
second f a c t  i s  connected  w i th  the k i n e t i c s  o f  d e c o m p o s i t io n  o f  b e n z o y l  
per ox id e  in the pre sen ce  o f  pr o tonate d  h e t e r o a r o m a t i c  b a s e s .  The 
in c r e a s e d  d e c o m p o s i t io n  has been a s c r ib e d  to  a h i g h e r  a f f i n i t y  o f  the  
pheny l  r a d i c a l  towards the pr o tonate d  base  in  comparison t o  the  
nonp rotonated  b a s e * i .  M in i s c i* ?  has cla imed t h a t  the phenyl  r a d i c a l  
has some n u c l e o p h i l i c  c h a r a c te r  t h a t  can on ly  be r e v e a l e d  in  the  
pre sen ce  o f  s t r o n g l y  e l e c t r o n  d e f i c i e n t  s u b s t r a t e s ,  such as the  
p r o to n a te d  h e t e r o a r o m a t i c  b a s e s .
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Though l i t t l e  i s  known ahont the nature  o f  the  
p h e n y l c y c lo h e x a d i e n y l  r a d i c a l  i t s e l f  , some work has been done on the  
c y c lo h e x a d i e n y l  r a d i c a l  (CED). The c y c l o h e x a d i e n y l  r a d i c a l  i s  known 
t o  be n u c l e o p h i l i c ^ * .  B irch  and Hinde (1980)**  put forward a s t r u c t u r e  
f o r  the r a d i c a l  (VI) which r e f l e c t s  c o n t r i b u t i o n s
J . S 2 I
1 2 1 .1
111.3
133,1
1 20 . »
from the v a le n c e  s t r u c t u r e s : -
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The ground s t a t e  o f  the r a d i c a l  corresponds  to  the unpaired  
e l e c t r o n  occupying a n -  type o r b i t a l .  I t  i s  symmetric about the  plane  
p e r p e n d i c u la r  to  the ring p lane  (p a s s i n g  through Cg-C*). S u b s t i t u e n t s  
g e n e r a l l y  s t a b i l i s e  the r a d i c a l  a t  p o s i t i o n s  1 and 3 and d e s t a b i l i s e  
at  p o s i t i o n s  6 and 2,  a c c e p t o r s  are g e n e r a l l y  more s t a b i l i s i n g  than  
donors .  (AHfo fo r  CED = 2 7 6 .6  k j  m o l - i . )
Though the exac t  s t r u c t u r e  f o r  the benzoy loxy  r a d i c a l  i s  not  
known, the s t r u c t u r e s  o f  the a c e to x y  and hydroperoxy r a d i c a l s  have  
r e c e n t l y  been  de termined^*?.  S t r u c t u r a l l y  the a c e to x y  and hydroperoxy  
r a d i c a l s  are s i m i l a r .  The 0 - 0  bond l e n g t h s  are e s s e n t i a l l y  the same, 
and in both  c a s e s  the OOR bond angle  i n c r e a s e s  4 -5°  from the  
corresponding  p e r o x i d e .  The C-0 bond l e n g t h  in the ac e toxy  r a d i c a l  i s
the same as in  the methyl  p e r o x i d e s .  The trend can be e x t r a p o l a t e d  t o
p r e d i c t  a s t r u c t u r e  f o r  the b e n z o y lo x y  r a d i c a l  based on the  known
s t r u c t u r e  f o r  benzoy l  p e r o x id e * * .
0 
0
J .2 7 S
.390
1.365
1.084 1.084
H
H H
The r a d i c a l  i s  known t o  be e l e c t r o p h i l i c **•.
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1 . 2 . 1 . 3 . 1  Quan t i t  a t i y e _ s  t u ^ e  s_pf_ph enyl  a U o n  
 Ç o ^ e t i t i v e _ r e a ç t i o n s
Provided t here  i s  no subsequent  d i v e r s i o n ,  the  y i e l d  o f  a 
r e a c t i o n  product  in p a r a l l e l  r e a c t i o n s  o f  the same k i n e t i c  order  
should r e f l e c t  the r a te  o f  the r a te  l i m i t i n g  s t e p  in  the form at ion  of  
t h a t  product .
P a r t i a l  r a te  f a c t o r s  ( p . r . f . )  are numerica l  e x p r e s s i o n s  o f  
r e a c t i v i t y  a t  the g - ,  m-,  and jg-,  p o s i t i o n s  (Fo, Fm, Fp) in a
m onosubs t i tu ted  benzene d e r i v a t i v e ,  compared w i t h  the r e a c t i v i t y  o f  
any one p o s i t i o n  in benzene .  The r e l a t i v e  p r o p o r t io n s  in  which the  
or th o - , meta- ,  and para-  isomers are formed in  the a r y l a t i o n  o f  the  
m on osu b s t i tu ted  benzene compared w i th  the y i e l d  o f  the ary lb enzene  
( s t a t i s t i c a l l y  c o r r e c te d  f o r  the e x i s t e n c e  o f  two o -  two m-, but  one 
p -  p o s i t i o n )  lead to  the f o l l o w i n g  e x p r e s s i o n s  f o r  the p . r . f . s  o f  the  
m onosubs t i tu ted  benzene:
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K p ^  r e p r e s e n t s  the r a t i o  o f  the t o t a l  r a te  o f  s u b s t i t u t i o n  in  
the m onosubs t i tu ted  s u b s t r a t e  compared t o  t h a t  in  benzene ,  |i ,jr , and 
to are the isomer r a t i o s  f o r  the o r t h o - ,  m eta - ,  and para-  i s c m e rs ,  
r e s p e c t i v e l y .  For the remainder o f  t h i s  t h e s i s  ' r e l a t i v e  r a t e '  s h a l l  
r e f e r  to  the r e a c t i v i t y  w i th  r e s p e c t  t o  one o f  the s i t e s  in  benzene .
The f o l l o w i n g  r e s u l t s  were ob ta in ed  by a l lo w in g  benzoy l  perox id e  
t o  decompose in m ix tures  o f  s imple  aromatic  s u b s t r a t e s  w i th  benzene or 
n i tr o b e n z e n e  or p - d i c h l o r o b e n z e n e .
ArH trArEPhH P a r t i a l  ra te  f a c t o r s
0- m— 2 -
(Thlorobenzene 1 . 1 4 1 ,9 0 .9 1 . 2
Bromobenzene 1 .4 7 2 .4 1 .3 5 1 .35
Fluorobenzene 1 . 0 8 1 .5 1 .1 1 . 2 ^
Methylbenzoate 1 .8 9 2 . 7 1 .1 3 .6
Benzophenone 4 . 3 9 4 .1 3 2 .1 8 7.94^^
B e n z o n i t r i l e 1 .9 2 3 . 0 1 .0 3 .5
Toluene 1 .8 1 3 .4 1 .3 1 .5
A n is o l e 3 . 1 8 7 .2 1 .0 5 2 .5
♦ p a r t i a l  r a te  f a c t o r s  were de termined  from m - / p -  r a t i o  o f  1 . 9 8 / 1  g iv e n  
by Lewis and Wil l iam s  J.CHEM.SOC. B (1969)  120
♦ ♦ r e l a t i v e  ra te  g iven  by authors  does not  match p a r t i a l  r a te  f a c t o r s  
g i v e n ,  c o r r e c te d  v a lu e  g i v e n .
R e s u l t s  from B o l to n ,  D a i l l y ,  Hirakubo,  Lee and Wil l iam s  
J.CHEM.SOC. P e r k i n l l  (1981)  1109.
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1 . 2 . 2
The e f f e c t  o f  o x i d i s i ng agents  on homoly t i c  a r y l a t i o n .
1 . 2 . 2 . 1  Ox y g e n
I t  i s  known t h a t  phenyl  r a d i c a l s  are not  v e r y  r e a c t i v e  towards  
oxygen**.  T h er e fo re ,  the oxygen i s  thought  to  a b s t r a c t  hydrogen from 
the o - i n t e r m e d i a t e ,  presumably by the form at ion  o f  a hydroperoxide  
r a d i c a l , w h i c h  could br ing  about the o x i d a t i o n  o f  another  a - r a d i c a l .
[PhC;H(]' + 0 ,   > Ph-Ph + EO,' (34)
[PhC,Eg]'  + EO,' -------------> H^O, + Ph-Ph (35)
Hydrogen pe r ox id e  has been d e t e c t e d  in  th e se  r e a c t i o n s * ? .
I f  the dehydrogenat io n  o f  p h e n y lc y c lo h e x a d ie n e  could be e f f e c t e d  
by a reagent  o t h e r  than the benzoate  r a d i c a l s ,  t h i s  would avoid the  
wastage o f  h a l f  t h e s e  r a d i c a l s  in  the form o f  b e n z o ic  a c id ,  and might  
in c r e a s e  the y i e l d  o f  ary lb enzene  from a maximum o f  one mole per  mole 
o f  perox ide***:
C,E, + (ArCO'O ) ,  ------------ > ArCgE; + ArCOOE + CO^  (36)
t o  a t h e o r e t i c a l  maximum o f  two moles  per mole o f  p e r o x id e :
2CgE, + (ArCO O ' ) ,  + Oxid.  > 2ArCgHg + 2C0' + H , -C x id .  (37)
Oxid. = o x i d i s i n g  agent
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Some phenol  i s  a l s o  formed in t h i s  r e a c t i o n ,  w i t h  h ig h e r  y i e l d s  
at  lower  t e m p e r a tu re s * ?.
Ph • + 0 ,   y Ph'0'0"  y PhOH (3 8 )
The above o b s e r v a t i o n  i s  a t t r i b u t e d  t o  the h i g h e r  s o l u b i l i t y  o f  
the gas at  lower temperature ,  and t o  the more e f f i c i e n t  trapping  
o f  phenyl  r a d i c a l s  by i t .
Abramovitch and Saha*' found no e f f e c t  o f  oxygen upon the  
i s o m e r - r a t i o , and a s l i g h t  r e d u c t i o n  in  the y i e l d  o f  b i a r y l  in  the  
p h é n y l a t i o n  o f  p y r id in e  by o - t o l y l ,  and o - n i t r o p h e n y l  
r a d i c a l s .  Hirakubo e t .  al ,.*? found,  s i m i l a r l y ,  t h a t  the y i e l d  o f  
m ethoxybiphenyls  i s  not  i n c re a s e d  i f  a stream o f  oxygen i s  passed  
through the r e a c t i o n  mixture during the d e c o m p o s i t io n  o f  b e n z o y l  
p e r o x id e  in  methoxybenzene.
I . 2 . 2 . 2  N i t ro-compounds and o th e r  e l e c t r o n  a c c e p t o r s .
In r e a c t i o n s  i n v o lv i n g  b enzoy l  p e r o x id e  as the p h e n y la t in g  
s o u r c e ,  c a t a l y t i c  amounts o f  n itro-compounds g r e a t l y  in c r e a s e  the  
y i e l d s  o f  b i a r y l  and a r o ic  a c i d ,  and the form at ion  o f  r e s i d u e s  i s  
g r e a t l y  su p p re ssed .  This  phenomenon has been  r e f e r r e d  t o  as the  
' n i t r o - g r o u p  e f f e c t ' * * .
The e f f e c t i v e  c a t a l y s t  i s  the corresponding
nitroso-compound?®>*** which i s  formed by r e d u c t i o n  of  the  
n itro-compound**, and i s  thought t o  a c t  as f o l l o w s  ( r e a c t i o n s  3 9 - 4 2 ) .
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PhNO + Ph- -------------> Ph,NO' (39)
Ph^NO- + PhArH-  > Ph-Ar + Ph^N-OH (40)
PhgN-OH + (PhCO-0),  > PhCO-0- + PhCO-OH + Ph,NO- (41)
PhgN-OH + PhCO'O'  > PhCO-OH + Ph^NO- (42)
Scheme V
A number of  e l e c t r o n  a c c e p t o r s  (w i th  the e x c e p t i o n  of
n i t r o - m e t h a n e ) m a n i fe s t  the same e f f e c t .  However, th e r e  appears t o  be 
no simple r e l a t i o n s h i p  between the e f f e c t i v e n e s s  o f  the a d d i t i v e  and 
i t s  r e d u c t i o n  p o t e n t i a l ? * .
E l e c t r o n  a c c ep to r E l e c t r o n
ac c e p to r
Benzoyl
perox id e
Benzoic
ac id
Biphenyl
(mole 1-1 
X 10*)
(mole 1~1 
X 10*)
(moles  per mole  
p e r o x id e )
None 8 .33 0 .2 8 0 . 4 2
None 5 .5 0 0 . 2 8 0 . 5 0
Nitrobenzene 1 0 .7 8 .33 0 . 7 0 0 . 6 7
m -D in i trobenzene 8 .0 8.33 0 .9 2 0 .9 0
s y m .-T r in i tr o b e n z e n e 6 .7 5 .5 0 0 .9 5 0 . 9 4
Nitrome thane 2 2 .0 8.33 0 . 3 0 0 . 2 8
Te tran itrome thane 6 . 7 5 .5 0 0 . 6 9 0 . 7 7
Tet r a c y a n o e t h y le n e 1 0 .7 8.33 0 .7 4 0 .8 5
p—C h lo r a n i l 6 .7 5 .5 0 1 . 0 0 0 .9 6
Io d ine 6 . 7 5 .5 0 0 . 5 4 0 . 6 1
Table I I I
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I . 2 . 2 . 3  The e f f e c t  o f  t r a n s i t i o n  metal  i o n s .
Meta ls  used in  f r e e - r a d i c a l  chem is try  are g e n e r a l l y  in the form 
o f  meta l  complexes .  Metal complexes ( p a r t i c u l a r l y  in  the case  o f  
t r a n s i t i o n  m e t a l s )  can r e a d i l y  undergo r e a c t i o n s  due to  the  
a v a i l a b i l i t y  o f  m u l t i p l e  o x i d a t i o n  s t a t e s .
The mechanism of  t r an s i t ion  metal  c a t a l y s i s .
D a i l l y  (1968)?*  c a r r i e d  out  the dec om p os i t ion  o f  b e n z o y l  p e r o x id e  
in  v a r i o u s  aromatic  s o l v e n t s ,  in  the presen ce  o f  f e r r i c  b e n z o a t e .  I t  
was shown t h a t  f e r r i c  benzoate  caused very  g r e a t  i n c r e a s e s  in  b i a r y l  
y i e l d s .  The f o l l o w i n g  mechanism was proposed:
(PhCO 0 ) ,
PhCO'O
Ph ' PhH
[PhPhH]• + PhCO'O
( I I )
[PhPhH]• + Fe 
( I I )
PhCO'O* + Fe
3 +
2 +
PhCO *0“ + H
2PhC0'0
Ph- + CO.
[PhPhH]
( I I )
PhCO,H + Ph'Ph
Ph'Ph + h"** + Fe^*
PhC0*0“ + Fe
PhCO•OH
3 +
(16a)
(16b)
(17)
(26)
(43)
(44)
(45 )
2[PhPhH]' — > p r o d u c t s  o f  d i m é r i s a t i o n  and d i s p r o p o r t i o n a t i o n .  (46)
( I I )
SchemeVI
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R e ac t ion  (26) does not  take p l a c e  t o  an a p p r e c ia b le  l e v e l  in  
s o l v e n t s  such as benzene or c h lorob en ze n e ,  but  i s  important in  
bromobenzene*’ .
In the presence  of  f e r r i c  be nz oa te  r e a c t i o n s  ( 4 3 ) , ( 4 4 )  and (45)  
take over from r e a c t i o n  ( 4 6 ) ,  which then  becomes unimportant .  The 
a b s t r a c t i o n  of  hydrogen from p h e n y l c y c lo h e x a d i e n y l  r a d i c a l s  by  
b e nzoy loxy  r a d i c a l s  ( r e a c t i o n  26) can be in c r e a s e d  by e l e c t r o n  
t r a n s f e r  p r o c e s s e s * ? ,  r e p r e s e n t in g  the  metal  as i t s  ion  (a lthough  in  
s o l v e n t s  such as arenas t h i s  i s  o b v i o u s l y  a s i m p l i f i c a t i o n ) ,  the  
s t o i c h i o m e t r y  of  such p r o c e s s e s  can be i n d i c a t e d  by the f o l l o w i n g  
scheme ? * : -
P h  • CO ■ 0
[ R h - P h H ]P h - C G ' G “
P h - C G - G H
SchemeVII
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The r e g e n e r a t io n  o f  the metal  in  i t s  h ig h e r  v a l e n c y  s t a t e  i s  
required  s in c e  q u a n t i t i e s  o f  the metal  s a l t s ,  equimolar w i th  t h a t  of  
the p e r o x id e ,  are not  requ ired  t o  g i v e  almost  t h e o r e t i c a l  y i e l d s  of  
b i a r y l s  and benzo ic  a c i d .  The r e a c t i o n  w i t h  i r o n ( I I I )  s a l t s  probably  
proceeds  by s i m i l a r  o x i d a t i o n  and proton  l o s s ,  by the  
p h e n y l c y c lo h e x a d i e n y l  r a d i c a l ,  r a th e r  than by the mechanism sugge s te d  
by Hey,Liang and Perkins?*.
1 . 2 . 3
V a l i d i t y  o f  par t i al  r ate  f a c t o r s .
The v a l i d i t y  o f  r a te  f a c t o r s  d e r iv e d  from data on isomer  
d i s t r i b u t i o n  and s u b s t r a t e  c o m p e t i t i o n  (where, the  r e l a t i v e  r e a c t i v i t y  
o f  two c h e m i c a l l y  d i f f e r e n t  s u b s t r a t e s  i s  gauged by a l lo w in g  m ix tures  
o f  known molar r a t i o s  o f  the two s u b s t r a t e s  t o  compete fo r  a s i n g l e  
r a d i c a l  re a g en t )  in  f r e e - r a d i c a l  aromatic  s u b s t i t u t i o n ,  and o f  the  
t h e o r e t i c a l  d i s c u s s i o n  based on them, has been s e r i o u s l y  q u e s t io n e d ,  
c h i e f l y ,  and p r o p e r ly ,  on the b a s i s  o f  c e r t a i n  i s o t o p e  e f f e c t s * *  and 
in  the f in d in g  o f  pr oduc t s  formed by d i m é r i s a t i o n  (49)  and 
d i s p r o p o r t i o n a t i o n  (50)  o f  a r y I c y c l o h e x a d i e n y l  r a d i c a l s ,  ArAr'H*(V).  
E l i e l ,  e t .  a%. ,* * found no s e l e c t i v i t y  in  consumption o f  d e u t e r a t e d  
and ord inary  s u b s t r a t e s  but  a s i g n i f i c a n t  product  i s o t o p e  e f f e c t ,  
a t t r i b u t e d  to  p r e f e r e n t i a l  hydrogen a b s t r a c t i o n  in  ( 4 8 ) ,  (50) and 
( 5 1 ) ,  w i t h  r e s u l t i n g  d i v e r s i o n  o f  ArAr'D* t o  d i m e r ( 4 9 ) ,  and perhaps ,  
o f  ArAr'D* and ArAr'DH t o  polymer .
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(ArCO O') > 2ArCG'0 > Ar- + CO, (10)
Ar- + Ar'E
.ArAr'H* + o x i d .  agent
2ArAr'H«
2ArAr'H-
ArAr'H + o x id .  agent
-> ArAr'H*
-> Ar Ar '
-> (ArAr'H)*
■> ArAr'H* + ArAr' 
•> ArAr '
(47)
(48)
(49)
(50)
(51)
Scheme V III
I s o l a t i o n  of  b i a r y l  in the absence o f  oxygen,  which o the rw ise  
p a r t i c i p a t e s  in r e a c t i o n  ( 5 1 ) ,  i n c r e a s e s  the e f f e c t  s e v e r a l - f o l d ,  
i n d i c a t i n g  the importance o f  the r e a c t i o n s  ( 5 0 ) , ( 5 1 )  sequence .  Here,  
c l e a r l y ,  product  c om p os i t ion  i s  no t  a true  measure o f  the r e l a t i v e  
r a t e s  a t  which Ar'H and Ar'D undergo r e a c t i o n  ( 4 7 ) .  I t  was sugge s te d  
t h a t  in  a s i m i l a r  way, isomer d i s t r i b u t i o n  (and,  presumably,  
c o m p e t i t i v e  data)  may not  be a true measure o f  the r e l a t i v e  r a t e s  o f  
form at ion  o f  p-ArAr'H*, m-ArAr'H*, and p-ArAr'H' (or ArAr'H and 
A r A r ' 'H ' ) .  Their  r e s u l t s ,  however,  could  not  be repeated  by Hirakubo  
e t .  a l . * ? .
Using gas chromatographic a n a l y s i s ,  Morrison ,  Gazes,  Samkoff and 
Howe** have s tu d ie d  the p h é n y l a t i o n ,  by  b e n z o y l  p e r o x id e ,  o f  four  
s u b s t i t u t e d  benzenes  in  both  the absence and the  p r e s en ce  o f  oxygen.  
T h e ir  r e s u l t s  show that  s id e  r e a c t i o n s  have no s i g n i f i c a n t  e f f e c t  on 
isomer d i s t r i b u t i o n  and r e l a t i v e  r e a c t i v i t i e s  measured by product  
a n a l y s i s ,  and t h a t  such data p r o v id e  v a l i d  r a t e  f a c t o r s  fo r  
f r e e - r a d i c a l  aromatic  s u b s t i t u t i o n  (Table I V ) .
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-X 0 . y i e l d Isomer d i s t r i b u t i o n
0“ m— E-
CH30 - 0 . 5 0 69 .8 14 .7 1 5 .6
CH30 + 0 .7 3 6 9 .7 14 .5 1 5 .7
Br - 0 .33 56 .2 27 .3 16 .5
Br + 0 .9 5 55 .8 2 7 .8 16 .5
NO* - 0 .1 7 6 2 .8 9 .5 2 7 .7
NO* + 0 .6 1 63 .1 1 0 .1 2 6 .9
- 0 .7 2 2 1 .2 4 9 .9 2 9 .0
+ 1 .4 0 2 1 .2 5 0 .0 2 8 .8
Tabl e  IV
Eberbardt and E l i e l * *  have found t h a t  the  pre sen ce  o f  oxygen  
during aroy l  perox id e  de c om p os i t ion  in  benzene d r a m a t i c a l l y  i n c r e a s e s  
the  y i e l d  o f  b i a r y l ,  e v i d e n t l y  speedin g  up r e a c t i o n  ( 5 3 ) ,  and perhaps  
r e a c t i o n  ( 5 6 ) ,  a t  the expense o f  r e a c t i o n s  ( 5 4 ) ,  (55)  and o t h e r  s id e  
r e a c t i o n s ,  and they  p o i n t  out  th a t  the isomer d i s t r i b u t i o n  determined  
under th e se  c o n d i t i o n s  should be a t r u e r  measure o f  r a te  f a c t o r s  than 
in  p r e v io u s  data .  Other workers*? ,  however, have not  been  ab le  t o  
r e p e a t  t h e i r  f i n d i n g s .
Norman**, however,  noted t h a t  the isomer r a t i o  and t o t a l  r a te  
f a c t o r s  in  the decom p os i t ion  o f  b e n z o y l  p e r o x id e  in  a n i s o l e  are not  
the  same in  the p r esen ce  and the absence o f  c u p r ic  b e n z o a t e .  Bonnier  
e t .  a%. * *,  a l s o  showed t h a t  the c o n c l u s i o n  drawn by Morrison and 
co-workers**  might not  be v a l i d  in  a l l  c a s e s .  They found t h a t  the  
isomer  r a t i o  o f  p h eny la ted  4 - m e t h y lp y r i d i n e  depends on the  
c o n c e n t r a t i o n  of  the p e r o x id e .  An i s o t o p e  e f f e c t  was a l s o  re p or te d  in  
the  p h é n y l a t i o n  o f  the d e u t e r a t e d  4-me th y lp y r  i d in e  **■. They a l s o
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repor ted  th a t  the isomer r a t i o  and p a r t i a l  r a te  f a c t o r s  obta in ed  in  
the p h é n y l a t i o n  o f  pyr id in in m  c h l o r i d e  changed d r a s t i c a l l y  in the  
p r e s en ce  of  c a t a l y t i c  amounts o f  n i t r o b e n z e n e * * .  Don e_t. a l . * * ,  a l s o  
r e por ted  the v a r i a t i o n  o f  isomer r a t i o  w i th  o x i d i s i n g  agent  in  the  
p h é n y l a t i o n  o f  4 ~ m e t h y l p y r id in e .
Benzene (ml) 
added to  
4 -m e th y l ­
pyr id in e
P e r o x id e /  
4 -m e th y l ­
p y r i d in e
A d d i t i v e Isomer
d i s t r i b u t i o n
2 - 3 -
None 0 . 1 6 / 1 None 53 47
None f  r PhNO*(lgm) 45 55
None 0 . 0 7 / 1 None 45 55
None I 1 PhNO*(Igm) 44 .5 55 .5
25 » » None 51 .5 48 .5
f  f » » PhNO*( Igm) 4 4 .7 55 .3
100 » » None 56 44
PhNO*(Igm) 44 .5 54 .5
Table_V
Compet it ive  r e a c t i o n s  have o f t e n  been determin ed ,  w i th  
n i tr o b e n z e n e  as the standard s o l v e n t .  Ohta and Tokumaru** have  
p o i n t e d  out  t h a t  n i tr ob e n z e n e  i s  not  a s u i t a b l e  s tandard s o l v e n t  fo r  
c o m p e t i t i v e  s t u d i e s  w i th  s u b s t r a t e s  having  a b s t r a c t a b l e  hydrogen,  
because  the in te r m e d ia t e  n i t r o p h e n y l c y c l o h e x a d i e n y 1 r a d i c a l  i s  
d i v e r t e d  t o  products  o ther  than n i t r o b i p h e n y l s .
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Hey, P e r k i n s ,  and Wil l iams** have shown t h a t  the y i e l d  o f  
b ip h e n y l  (w i th  r e s p e c t  to  i n i t i a l  p e r o x id e  c o n c e n t r a t i o n ) ,  in  the  
d e c o m p o s i t io n  of  b e n z oy l  perox id e  in  benzene ,  changes w i t h  the i n i t i a l  
c o n c e n t r a t i o n  o f  perox id e  and p a s s e s  through a maximum at  a perox id e  
c o n c e n t r a t i o n  of  0.12M. There i s  no r e a so n  to  assume t h a t  the y i e l d  
o f  b i a r y l  in  any o th e r  system should vary  wi th  the  c o n c e n t r a t i o n  o f  
the reagen t  in  an i d e n t i c a l  manner. The r e l a t i v e  y i e l d s  o f  b i a r y l s  
w i t h i n  t h e s e  systems (and presumably the p a r t i a l  r a te  f a c t o r s )  w i l l ,  
t h e r e f o r e ,  vary  w i th  the r e a c t i o n  c o n d i t i o n s  used .  Indeed,  changes in  
the p h e n y l a t in g  agent  could a l t e r  the p a r t i a l  r a te  f a c t o r s  i f  the  
v a r i a t i o n  o f  perc en tage  y i e l d s  w i th  c o n c e n t r a t i o n  ( o r ,  fo r  t h a t  m atter  
any o th e r  r e a c t i o n  c o n d i t i o n )  was not  i d e n t i c a l  w i t h i n  the  sys tems fo r  
the  p h e n y l a t in g  a g e n t s  concerned.
QJ
X
o
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CL
•o
QJ
>x
0 4
0 3
0 30?010
Initial p e r o x i d e  c o n c e n t r a t i o n  (m)
Figure  I
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Since p a r t i a l  r a te  f a c t o r s  are measured under p a r t i c u l a r  r e a c t i o n  
c o n d i t i o n s ,  t h e i r  g e n e r a l  use as i n d i c e s  o f  r e a c t i v i t y  must be 
q u e s t io n e d .  However, i f  they  are measured (as  f o r  example,  by Hirakubo  
e t .  al_.*’ ) under c o n d i t i o n s  such t h a t  d i m é r i s a t i o n ,  d i s p r o p o r t i o n a t i o n  
e t c . ,  do not  occur ,  and n e a r l y  a l l  o f  the o -  complexes proceed t o  
b i a r y l s ,  then  the p a r t i a l  r a te  f a c t o r s  are c o m p le te ly  v a l i d * * .
1 . 2 . 4
M ethods_of_hom oly t ic_pheny la t ion^
1 . 2 . 4 . 1  Other sources  o f  ben z o y lo x y  r a d i c a l s :  -
1 . 2 . 4 . 1 . 1  The de c o m p o s i t io n  o f  l ead  t e t r a b e n z o a t e ? * ,  and s i l v e r  
h a l i d e  d ibenzoa te?* :
1 25® r
Pb(PhC0'0 Pb(0 COPh), + 2PhC0-0- (52)
105® r
PhKPhCO-G-) ,  - - " T - - >  Phi + 2PhC0 O' (53)* pyridine
AgX(PhCO'O'). --------------> 2PhC0 O' + AgX (54)
Phenyl r a d i c a l s  r e s u l t  from the b e n z o y l o x y - r a d i c a l s  by the l o s s  o f  
carbon d i o x i d e .
PhCO'O'  > Ph* + COj (16b)
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I . 2 . 4 . 1 . 2  D e c a r b o x y la t io n  o f  b e n z o ic  a c id :  -  M in i s c i  and C l e r i c i * ?  
extended t h e i r  work on a l k y l a t i o n  of  h e t e r o c y c l e s ,  t o  ge n e r a te  pheny l  
r a d i c a l s ,  by the s i l v e r - c a t a l y s e d  d e c a r b o x y l a t i o n  o f  b e n z o ic  a c i d ,  by 
p e r o x y d i su lp h a te  an ion .
+ Ag*^ ------------------- > S O , a -  + A g * *  + S O /  ( 5 5 )
S O , ' -  + Ag"  ^ ---------------------> S 0 , 2 -  + A g z *  ( 5 6 )
CgE,CO 0  OH + A g i *  -------------------> CgHjCO'O' + A g *  + H* ( 5 7 )
CgHjCO O' -------------> C,H;'  + CO2 (16b)
They claimed t h a t  the r e a c t i o n  was c l e a n ,  w i th  on ly  n e g l i g i b l e  
amounts o f  b y - p r o d u c t s ,  c o n tra r y  to  e x p e r ie n c e  w i t h  some o the r  sources  
o f  phenyl  r a d i c a l s .
1 . 2 . 4 . 1 . 3  E l e c t r o l y s i s  o f  b e n z o ic  ac id  (Kolbe r e a c t i o n ) :  -
PhCO,-    > PhCO'O'  > Ph' + CO, (58)
The e l e c t r o l y s i s  of  b e n z o i c  ac id  in  p y r i d in e  y i e l d s ,  among o t h e r  
p r o d u c t s ,  4 - p h e n y I p y r id in e  and 4 -phenyIbenzo ic  a c i d ? ? ' i * i .
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1 . 2 . 4 . 1 . 4  Aryldiazonium S a l t s :  -
1 . 2 . 4 . 1 . 4 . 1  Gomberg and Gomberg-Hey R e a c t io n s :  -
. The heterogenous  Gomberg and Gomberg-Hey r e a c t i o n s  (d eve loped  
from the work of  Bamberger?* and Kuhling?*)  have been used t o  prov ide  
phenyl  r a d i c a l s .  In the former method d i a z o i c  a c id s  are used to
ge n e r a te  the r a d i c a l s  whereas in  the l a t t e r  method, water  i n s o l u b l e  or  
s p a r i n g l y  i n s o l u b l e  m e t a l l i c  s a l t  d e r i v a t i v e s  o f  the diazo-compounds
are used .
PhN* + 0H~  > Ph-N=N-OH  > Ph- + N, + HO- (59)
The normal c h a in -p r o p a g a t io n  s t e p  f o r  the  form at io n  o f  a r y l  
r a d i c a l s  may be r e d u c t i o n  o f  the diazonium c a t i o n  by an
a r y l c y c l o h e x a d i e n y l  c a t i o n ,  forming the b i a r y l  by l o s s  o f  a proton:
ArN* + [ArPhHJ--------- --------------> Ar- + N, + [ArPhHj* (60)
[ArPhH]* -------------> Ar-Ph + H* (61)
The Gomberg and Gomberg-Hey procedures  s u f f e r  from the  
disadvantage  th a t  a he terogenous  system i s  u sed .  This  can be overcome 
by d i a z o t i s i n g  the aromatic  amine i_n s i t u  in  an organ ic  s o l v e n t ,  w i th  
amyl n i t r i t e ,  a t  60-80®C*®.
A s i m i l a r  mechanism may a l s o  be o p e r a t i v e  in  a r y l a t i o n  brought  
about by the a c i d - c a t a l y s e d  d e c o m p o s i t io n  o f  1- a r y 1 - 3 , 3 - d i a l k y 1-  
t r i a z e n s * !  or d iazoam inobenzenes** .
Page 1-39
Ar-N=N-NR, + H* <=======> Ar-N=N~N*HR, (62)
+
Ar-N=N-NHR, ------------ > ArN* + R^NH (63)
ArN, + At—N=N-NR, ---------------> (ArN=N),NR, (64)
(ArN=N),N R, ------------ > Ar- + N, + Ar-N=N-N R, (65)
Ar- + PhH ------------ > [ArPhH] - ( 6 6 )
Ar - PhH - + Ar—N-N—N R, ------------ > Ar—Ph + Ar—N=N—N R,H (67)
1 . 2 . 4 . 1 . 4 . 2  E l e c t r o n  t r a n s f e r  o f  diazonium c a t i o n s :
E l e c t r o n - t r a n s f e r  r e d u c t i o n  o f  diazonium c a t i o n s  i s  an e f f e c t i v e  way 
o f  g e n e r a t i n g  ar y l  r a d i c a l s  and i s  brought about by one e l e c t r o n  
reduct  ants  :
ArN* + mT*  > Ar- + N, + ( 68 )
1 .2  .4 . 1 . 4  .3 Phenylazotr iphenylmethane  : Phenylazotr iphenylmethane  
decomposes r a p i d l y  a t  60*C, and i s  a c o n v e n ie n t  phenyl  r a d i c a l  
s o u r c e .  The phenyl  r a d i c a l  removes hydrogen from non-aromat ic  
s o l v e n t s  and forms b i a r y l s  w i th  aromat ic  s o l v e n t s ' * .
Ar-N=N-CAr ' j  > Ar- + N, + -CAr', (69)
Ar- + PhH -------------> Ar-PhH- (70)
Ar-PhH- + - CAr ' ,   > Ar—Ph HCAr', (71)
+ C A r ' . --------
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K i n e t i c  s t u d i e s  on t h i s  r e a c t i o n  have e s t a b l i s h e d  t h a t  r e a c t i o n  
(69)  can be r e p r es e n te d  as a tw o - s t e p  r e a c t io n * *
Ar-N=N-CAr', ------------ > ArN ,• + Ar ' ,C -  (73)
ArN,' ------------ > Ar- + N, (74)
However, the absence of  any e f f e c t  o f  added t r  ipheny lice thy 1 on the  
r a t e  of  decom posi t io n  s u g g e s t s  t h a t  the l i f e t i m e  of  the  
a r y l a z o - r a d i c a l s  must be ex trem ely  s h o r t ,  so t h a t  the f i r s t  s tage  i s  
e f f e c t i v e l y  i r r e v e r s i b l e .
1 . 2 . 4 . 1 . 4 . 4  N - N i t r o s o a c e t a n i l id e ( N N A ) : NNA, prepared by n i t r o s a t i o n
o f  a c e t a n i l i d e  w i th  n i t r o s y l  c h l o r i d e ,  rearranges  j,n si .tu to  the  
d i a z o e s t e r * * :
PhN(NO)Ac  > Ph-N=N-OAc (75)
This  rearrangement i s  the r a te  de term in ing  s t e p .  The d i a z o e s t e r  
undergoes rap id  hom olys i s  to  phenyl  r a d i c a l s  to  s t a r t  c h a i n s .  The 
mechanism has long been a s u b j e c t  o f  c o n t r o v e r s y ' * , ' * ,  but  was 
e v e n t u a l l y  demonstrated by Cadogan ( 1 9 7 1 ) ' ?  t o  be accord ing  to  the  
f o l l o w i n g  scheme:
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Im p o r t an t  In I n i t i a t i o n  on l y .
ArNOH ArN^
I ArO“
ArPh + ArNAc 
t  H Ar
ArN20NAr
I m p o r t a n t  o n l y  In i n i t i a t i o n  i n  PhH. 
Key r o l e  in BrCCI3.
Ac2Ü + ArN20N2Ar<—  ArN20N2Ar + AcOH
AcO"
Arf^
Ar- + Ar2N20* ArN2ÜH + ArPh 
.2
AcOH + ArNAc
ArNAc
ArN (NO) Ac ArN=NOAc ^
( I) Negleg 1b le In f u r a n ,  but  p romo ted  by 
t e t r a c y c l o n e  and r e a c t i v e  a Ik e n e a ,
( I I )  O c c u r s  when X = o -Bu '
ArPh + AcOH
Main r e a c t i o n  In ArH. F a s t  I n  f u r a n  
even in t h e  p r e s e n c e  o f  t e t r  a c y c l o n e ,  
I n h i b i t e d  by r e a c t i v e  a l k e n e s  and 
t e t r a c y c  lone .
Scheme IX
The mechan i s m f o r  t h e  r e a c t i o n  o f  N - n i t r o s o ace t a n i l  ide (NNA)
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In l a t e r  p u b l i c a t i o n s * *  i t  has been  s u g g e s te d  t h a t  in  b r o m o tr i c h lo r o -  
methane,  the p h e n y l d i a z o - o x y l  r a d i c a l  [Scheme IX r a d i c a l  (2 ) ]  a c t s  as 
an e l e c t r o n  t r a n s f e r  c a t a l y s t .
PhN (NO) Ac ------- > PhN=NGAc PhN^AcO'
Ph* + PhN2Ü* + N2 ^  
(2 )
PhN2Ü~ + PhN2 + Ac 2Ü
P h N 2 0 C C L 3 PhN^CL + COOL
CCI
Scheme X
1 . 2 . 4 . 1 . 5  Phenylmagnesium bromide;  Ruchard and Merz** used  
phenylmagnesium bromide as a source o f  pheny l  r a d i c a l s .  They 
e l e c t r o l y s e d  s o l u t i o n s  of  phenylmagnesium bromide in  e t h e r ,  us ing  100 
to  600 v o l t s ,  and i d e n t i f i e d  benzene ,  b i p h e n y l ,  p - t e r p h e n y l ,  
s t y r e n e ,  e th an o l  and h igh  m o le c u lar  w e ight  po lym ers ,  at  the anode.  
At high  c u r r en t  e f f i c i e n c y ,  b ip h e n y l  was the  main product .
(PLMgBr), Ms** + Pi.MgBr, (76)
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at  anode Ph^MgBr,”  -> 2Ph- + MgBr, + 2e“ (77)
a t  cathode Mg** + 2e”  > Mg° (78)
Halogen atoms o f  a r y l  h a l i d e s  are d i s p l a c e d  by the a c t i o n ,  o f  
Grignard r e a g e n t s  in the presence  o f  metal  s a l t s  snch as CoCl^ and
MnCl,*o.
PhBr + PhMgBr CoCla_(0^%%) + %gBr. (79)
I t  i s  probable t h a t  a r y l  r a d i c a l s  are i n t e r m e d i a t e s  in  t h e se  
r e a c t i o n s .
I . 2 . 4 . 1 . 6  P y r o l y t i c  methods:
F i e n s t e i n  and F i e l d s * *  have used n i trob e n z e n e  t o  i n i t i a t e  the  
d e c om p os i t ion  o f  methyl  b enzoate  in the gas phase ,  a t  600®C, t o  o b t a in  
phenyl  r a d i c a l s .
PhCO'O CH, NO . > PhCO'O'CHa' (80)
PhCO'O-CHj-  > Ph* + CO + CHjO (81)
The isomer d i s t r i b u t i o n s  in  th e se  c a s e s  d i f f e r  from those  
observed u s in g  o t h e r  sources  o f  phenyl  r a d i c a l s ,  e . g . ,  the gas phase  
d e c om p os i t ion  o f  n i t r o b e n z e n e  on to lu e n e  g i v e s  o r t h o , me t a .  and para  
- b i a r y l s  in  the r a t i o  o f  2 2 . 5 : 3 5 . 3 : 4 2 . 2 ,  whereas ,  b e n z o y l  p e r o x id e  a t  
80®C shows the r a t i o  6 5 : 1 9 : 1 6 .
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F i e l d s  and Meyerson** have a l s o  a l low ed  t o lu e n e  t o  decompose,  t o  
obta in  phenyl  r a d i c a l s ,  us ing  a s i m i l a r  p r o c e s s .
PhCHj -------------> Ph* + CHg * (82)
However, when n i t r o b e n z e n e  decomposed w i t h  p y r i d in e  vapour at  
600°C*3, the same isomer d i s t r i b u t i o n ,  as ob ta in ed  in  the l i q u i d  phase  
w ith  o ther  s o u r c e s ,  was o b t a in e d .
PhNOg -------------> Ph* + NO,' (83)
1 . 2 . 4 . 1 . 7  M is c e l la n e o u s  methods:
Phenyl  r a d i c a l s  produced by i r r a d i a t i o n  of  t r ip h e n y lb i s m u th  or  
phenylmercur ic  io d id e  u s u a l l y  g i v e  the same r a t i o s  o f  i som er ic  b i a r y l s  
when they  r e a c t  w i th  aromatic  s o l v e n t s ,  as do phenyl  r a d i c a l s  prepared  
by o th e r  methods*^.
P h é n y l a t io n  o f  a s o l i d  aromatic  compound can be c a r r i e d  out above 
the m e l t in g  p o i n t ,  us ing  diazoaminobenzene and aromatic  su lphony l  
h a l i d e s .  Benzene su lphonyl  c h l o r i d e  undergoes rapid hom olys i s  a t  about  
225°C, to  g iv e  phenyl  r a d i c a l s .  Benzene-m -disu lp hony l  c h l o r i d e  r e a c t s  
w ith  p-dibromobenzene t o  g i v e  2 , 5 , 2 ' , 5 ' - t e trabrom o-m-terphenyl , 
and w i th  1 , 3 , 5 - t r i c h l o r o b e n z e n e  t o  g i v e  2 , 4 , 6 , 2 ' , 4 ' , 6 ' - h e x a c h l o r o -  
m -te rp he ny l ,  w h i l e  n a p h th a le n e - ,  1-  and 2- ,  su lphonyl  c h l o r i d e s  w i t h  
naphthalene g iv e  the correspond in g  b i n a p h t h y l s * * ' * * .
Aryldiazonium f l u o b o r a t e s ,  on decomposing in  a mixture o f  10% 
acetone  and 90% benzene (room tem peratu re ,  copper powder) r e a c t  s lo w ly  
to  g iv e  p r e c i p i t a t e s  o f  red complexes of  the azo-compounds (ArNiNAr),  
with  i o n i c  copper*?.  In a d d i t i o n ,  the f r e e  azo compounds and small  
( l e s s  than 10%) amounts o f  b i a r y l s  (ArPh) can be i s o l a t e d .
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 ^ Copper powder
Cn + Ph-N,BF,  -----------> Ph- + N, + BF," + Cn^'
acetone l(Jh
(84)
Both copper and c o p p e r (I )  ion are e f f e c t i v e  in  the r e d u c t i o n  of  the  
diazonium c a t i o n .
ArNj + Cu •> [ArN,Cu] > Ar- + N, + Cu (85)
Ar ' + [ArN.Cu] > ArN=NAr + Cu ( 8 6 )
ArN=NAr + Cu + BF," > complex (87)
ArNj + Cu^ ■> [ArNjCu]
++ ++> Ar- + N, + Cu ( 8 8 )
Ar - + [ArN.Cu] ++ ■> ArN,Ar + Cu"*"*" (89)
Ar • +
- Cu  ^ (or Cu^*)V
(90)
ArPh + Cu (or Cu^) +
' Scheme XI
S i m i l a r  r e a c t i o n s  occur w i th  p -ch lorobenzenediazon ium  hexaf lu oro-  
p h o s p h a te * ’ .
With p y r i d in e  the f o l l o w i n g  r e a c t i o n  takes  p l a c e :
ArNj BFy" + CjHjN -------------> Ar-N-N—Nm  BF, (91)
Ar-N=N-fi BF. •> Ar* + Nj + N BF, (92)
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1 .3
E r e e _ r a d iç a l _ r e a ç t io n s _ o f _ s o m e _ s ix _ m e m b e r e d _ n i t r O Ê e E ^ h e t^ o ç x ç l e ^
1 . 3 . 1  P h e n x ia t io n _ o f_ E x r id in e ^
The p h é n y l a t io n  of  p y r id in e  has been s t u d ie d  by Hey, S t i r l i n g  and 
W i l l i a m s ' * ,  and o t h e r s * ' ' * ' .  R e s u l t s  f o r  the isomer d i s t r i b u t i o n  
i n d i c a t e  t h a t  the order of  p o s i t i o n a l  r e a c t i v i t i e s  i s  2 ->4->3~ when 
al lowance  i s  made fo r  the two p a i r s  o f  e q u i v a l e n t  s i t e s  correspond ing  
to  p o s i t i o n s  2 -  and 3 - .  Yvan's  c a l c u l a t i o n  o f  ' p o t e n t i a l  b a r r i e r s ' ,  
charge d e n s i t y  and 'Valence l i b r e '  f o r  r a d i c a l  s u b s t i t u t i o n * *  and f r e e  
v a l e n c e  numbers and f r o n t i e r  e l e c t r o n  d e n s i t y  c a l c u l a t e d  by Davies*-®®, 
are in  q u a n t i t a t i v e  agreement w i t h  the p a r t i a l  r a te  fac tors^® !  
obta in ed  from the decom p os i t ion  o f  b e n z oy l  per ox id e  in  mix tures  o f  
p y r i d in e  and b e n z e n e " .  Charge d e n s i t i e s  c a l c u l a t e d  by Davies^®®, are  
in  q u a l i t a t i v e  agreement w i th  the observed order  o f  r e a c t i v i t i e s ,  but  
the d i f f e r e n c e  between the r e a c t i v i t i e s  o f  the 2 - ,  and the 4 - ,  
p o s i t i o n s  p r e d i c t e d ,  i s  m argina l .
r qr Fr f . e . d .
1 1 .204 0 .1 1 0 0 .3 0 4
2 0 .940 0 .091 0 .403
3 0 .986 0 .079 0 .2 9 0
4 0.943 0.086 0.3  09
r = p o s i t i o n  in  p y r i d i n e ,  qr = charge d e n s i t y  a t  r th  p o s i t i o n
Fr = f r e e  v a l e n c e  at  r th  p o s i t i o n ,  f . e . d .  = f r o n t i e r  e l e c t r o n  d e n s i t y  
(Values ob ta in ed  from Davies^®®)
Table Via
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r ch V . l . B .d e .P .
2 0 .8 5 5 0 .387 0 .245
3 1 .0 0 8 0 .3 4 5 0 .2 5 4
4 0 .9 0 4 0 .3 6 0 0 .254
r = p o s i t i o n  in  p y r i d i n e ,  ch = charge a t  r th  p o s i t i o n
V . l .  = Valence l i b r e  at  r th  p o s i t i o n ,  B .d e .P .  = B a r r i e r  de P o t e n t i a l  
(Values ob ta in ed  from Yvan**)
Tab l e  VIb
Theore t i c a l  i ndi c e s of  r e a c t i v i t i es  c a l c u l a t e d  fo r  p y r i dine
Abramovitch and Saha*-®* have determined the isomer r a t i o s  and
r e l a t i v e  r e a c t i v i t i e s  fo r  the a r y l a t i o n  of  p y r i d i n e  by s u b s t i t u t e d
phenyl  r a d i c a l s  produced from the corresponding diazonium s a l t s .  More
n u c l e o p h i l i c  ar y l  r a d i c a l s ,  such a s ,  o -  and £ -  t o l y l ,  and o -  and
p-methoxyphenyl  r a d i c a l s  gave h ig h e r  v a l u e s  f o r  the r e l a t i v e  s u b s t r a t e
r e a c t i v i t y  (gb^nzene j  ^ On the o the r  hand, the o -  and p -  n i t r o p h e n y l ,  
p y r i d in e
and o -  and p -  bromophenyl r a d i c a l s ,  which would be e x pec ted  to  be more 
e l e c t r o p h i l i c  than phenyl  r a d i c a l s ,  gave lower v a l u e s .
Dou and Lynch*-®* s tu d ie d  c o m p e t i t i v e  p h é n y l a t i o n  r e a c t i o n s
betwen p y r i d in e  and n i t r o b e n z e n e  bo th  in  the p r e s e n c e ,  and the  
absence ,  o f  a c e t i c  a c id .  They found the r e l a t i v e  r e a c t i v i t y  in  the  
p r esen ce  o f  a c e t i c  ac id  to  be 1 . 6 6  t im es  t h a t  found i n  i t s  absence .
Page 1 -48
C om pet it ion  between H eteroarom at ic s (A )  and N itrob en ze n e (B )
R e a c t i v i t y  in  p h é n y l a t i o n  
(benzene = 1 ,  n i t r o b e n z e n e  = 2 .9 4 )
A + B + a c e t i c  ac id A + B
P y r id in e
1-me t h y lp y r a z o l e  
T h iaz o le
1 .6 1
1 .4 1
1 .5 3
0 .9 7
0 .5 7
0 .5 3
Table VII
R e a c t io n s  o f  h e t e r o c v c l e s  w i th  phenyl  r a d i c a l s  in  bo th  a c i d i c  and 
n o n - a c i d i c  media.
Bonnier and Court*®* l a t e r  found t h a t  under the c o n d i t i o n s  used  
by Dou and Lynch*®*, p y r i d in e  was not  c o m p le te ly  p r o t o n a t e d .  They used  
m ixtures  o f  h y d r o c h lo r ic  and a c e t i c  ac id  t o  g e t  complete  p r o t o n a t i o n  
of  p y r i d i n e ,  and used b e n z o y l  perox id e  as the r a d i c a l  s o u r c e .  They 
found the p e r c e n ta g e  o f  the me t a -  isomer was reduced ,  and those  o f  the  
or th o-  and para- i s o m e r s  were i n c r e a s e d ,  under a c i d i c  c o n d i t i o n s .  No 
m e c h a n i s t i c  d e t a i l s  were g i v e n ,  and the invo lvement  o f  h y d r o c h l o r i c  
ac id  in  any o th e r  way, apart  from the p r o t o n a t i o n  o f  the m o le c u l e ,  was 
not  s u g g e s t e d .  Travecedo and S t e n b e r g ( 1 9 7 0 ) *®* have s u g g e s te d  th a t  
h y d r o c h l o r i c  ac id  presumably causes  i n i t i a l  hydrogen a b s t r a c t i o n  by 
e f f e c t i n g  the  n -  n* e x c i t e d  s t a t e  during the p h o t o a l k y l a t i o n  o f  
p y r i d i n e .
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The pro tonated  h e t e r o c y c l e  might show a mechanism s i m i l a r  t o  t h a t  
found in  the n u c l e o p h i l i c  a t t a c k  o f  quaternary  pyr id in ium  s a l t s .
Quaternary pyrid in ium s a l t s  are c o n s i d e r a b l y  more r e a c t i v e  
towards n u c l e o p h i l e s ,  and the p r e s en ce  o f  a good l e a v i n g  group on the  
n i t r o g e n  atom perm its  ready f r a g m e n ta t io n  o f  the in te r m e d ia t e  
d ih y d r o p y r id in e  to  g ive  the d e s i r e d  product*®*.
N u “
ROH
Scheme XII
N u c l e o p h i l i c  a t t a c k  on pyr id in iu m  s a l t s ,  however, occurs
predominantly  a t  the 2 - p o s i t i o n * ® ? .  With N - a l k o x id e s  a t t a c k  a t  the  
a lk o x id e  group,  or ring open ing ,  are o f t e n  major competing
r e a c t io n s * ® • .
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C r i t t e r  and Godfrey^** used  pheny l  r a d i c a l s  t o  a t t a c k  p y r i d in e  
and p y r i d in e  metal  complexes .  Th e ir  r e s u l t s  showed an i n c r e a s e d  y i e l d  
from s u b s t i t u t i o n  in  the 4 - p o s i t i o n  o f  a l l  complexes but one,  and from 
s u b s t i t u t i o n  in  the 2 - p o s i t i o n  in  most c a s e s .  The s u b s t i t u e n t  e f f e c t s  
were e x p la in e d  by c o n s id e r i n g  a back d o n a t io n  o f  e l e c t r o n s  t o  the  
p y r i d in e  r in g  by the  metal  i o n i i O ' i n .
z
X M B
Ligand A bound by pn -  dn d a t iv e  n bonding .  The mesomeric e f f e c t  
a f f e c t s  the or tho and para p o s i t i o n s  p r e f e r e n t i a l l y ^ * * .
Pausacker*** a l low ed  b enzoy l  perox id e  to  r e a c t  w i th  p y r i d i n e .  
Among the products  formed were p h e n y l p y r i d i n e s , b e n z o i c  a c i d ,  
p y r i d i n e - N - o x i d e , and b i p y r i d y l s .  The molar y i e l d  o f  b e n z o ic  ac id  was 
a p p r e c ia b ly  h ig h e r  than t h a t  o f  p h e n y l p y r i d i n e s . This  d i f f e r e n c e  was 
a s c r i b e d  t o  the form at io n  o f  p y r i d in e - N - o x i d e  and b i p y r i d y l s .
I t  was shown th a t  p y r i d in e - N - o x i d e  was formed by : -  
C,E,N + ( P h C O ' 0 ) ,   > C,E;NO + (PhCO-)^o (93)
and t h a t  p y r i d in e  would c onver t  b e n z o ic  anhydride t o  an i n te r m e d ia t e  
which was r e a d i l y  transformed i n t o  b e n z o i c  a c i d .
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Horner***,  Imoto and Takemoto***,  and Martin*** have s t a t e d  t h a t  
b e n z oy l  per ox id e  i n i t i a l l y  forms a complex w i t h  t e r t i a r y  amines.  On 
the b a s i s  o f  t h e i r  s t r u c t u r e  f o r  t h i s  complex***»***,  the  mechanism 
fo r  p y r i d in e - N - o x i d e  form at ion  may be w r i t t e n  as f o l l o w s :
C5H5N: + (PhCO-O-) 2  > C5H5N — > 0
/
CO*Ph
O-CO'Ph
C5H5N 0 +
O-CO-Ph
Scheme XIII
Nozaki  and B a r t l e t t  *• measured the r a t e  o f  d e c o m p o s i t io n  o f  
b enzoy l  per ox id e  a t  79.8®C in  over  t h i r t y  d i f f e r e n t  s o l v e n t s .  They 
found that  under the same c o n d i t i o n s ,  77.3% o f  the b e n z o y l  p e r o x i d e ,  
d i s s o l v e d  in  p y r i d i n e ,  decomposed, when o n ly  15.5% o f  the per ox id e  
decomposed in  a s i m i l a r  s o l u t i o n  in  benzene .  The d i f f e r e n t  r a t e s  o f  
d e c o m p o s i t io n  o f  the perox id e  i n  the two s o l v e n t s  cou ld  be p a r t i a l l y  
r e s p o n s i b l e  fo r  the a l t e r e d  r e l a t i v e  y i e l d s  o f  the p r o d u c t s .  
Compounds o f  the type Ph'CgHgNC^EgNPh were found during the  r e a c t i o n  
o f  b e n z o y l  p e r o x id e  w i th  pyr id in e******  ( s i m i l a r  t o  q ua terpheny ls  
o b ta in ed  on the r e a c t i o n  o f  b e n z o y l  per ox id e  w i t h  b e n z e n e ) ,
Coulson*** has s a id  t h a t  the replacement  o f  a C-E bond i n  an 
aromatic  r in g  by a n i t r o g e n  atom, should l e a d  t o  an i n c r e a s e  in  the  
r e a c t i v i t y  o f  the system. Ev idence  f o r  t h i s  from quantum mechanical  
c a l c u l a t i o n s  was provided by Szwarc and Binks*** by  comparing the
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methyl  a f f i n i t i e s  ( r e l a t i v e  r e a c t i v i t i e s  o f  aromatic  compounds towards  
methyl  r a d ic a l s * * *  ) of  aromatic  hydrocarbons and t h e i r  heteroaroma t i c  
an a logu e s .  E a r l i e r ,  Szwarc and Levy*** had done exper im ents  to  show 
th a t  the presence  o f  a n i t r o g e n  atom in the r in g  seems to  a c t i v a t e  the  
m o le c u le ,  the e f f e c t ,  however, d e c r e a s e s  w i t h  the i n c r e a s i n g  s i z e  o f  
the m o le c u le .
Aromatic compound Methyl  a f f i n i t y
Benzene 1
Pyrid in e 3
Pyraz ine c a . 18
Naphthalene 22
Quinol ine 29
Table V I I I
1 . 3 . 1 . 0 . 1  Other f r e e  r ad i c a l  r e a c t i o ns of  p y r i d i ne .
Most f r e e - r a d i c a l  s u b s t i t u t i o n s  o f  p y r i d in e  g iv e  p r i m a r i ly
2- s u b s t i t u t e d  d e r i v a t i v e s .  P h o t o l y t i c  c h l o r i n a t i o n  of  p y r id in e  g i v e s
2- c h l o r o p y r i d i n e  in  over 70% y i e l d * * * .  S i m i l a r  r e s u l t s  are o b ta in ed
in  f r e e - r a d i c a l  acy lat ion**® and a m id a t ion *** '*** ,  al though C-4 
s u b s t i t u t i o n  i s  a l s o  observed in  the l a s t  c a s e .  The o r i e n t a t i o n
observed in  the am idat ions  i n d i c a t e s  t h a t  • CONE^  r a d i c a l s  (from 
formamide and E^O^  /  E^SO, and FeSO,) have n u c l e o p h i l i c  c h a r a c te r .
HCONHj + OH (or t-BuG-)
+ - C 0 N H 2
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> H^ O (or t-BuGH) + -CGNH, (94)
CONH2
CONH?
Ô ]  ( 9 5 )
> BOX y i e l d
The v a r i a t i o n  in  the product  d i s t r i b u t i o n  of  the Ladenbnrg 
rearrangem ent^*! ,! **  when the h a l i d e  ion  i s  v a r i e d  from i o d i d e ,  t o  
bromide or c h l o r i d e ,  has been a t t r i b u t e d  t o  the i o d i d e ' s  g r e a t e r  
p a r t i c i p a t i o n  in  the c h a r g e - t r a n s f e r  complex proposed as the f i r s t  
i n t e r m e d i a t e * * * .
Q
I
CH3 I-
Q j  I
I
CH3 
\ |^ H
CH3. G 1 — :
o f  bo t«
I e omo r  o r d  jo m o #  (c o m p
I
CH3
4, 4-D lpyrldyl  
2 , 4 -D lp y r  i d y l
o i r b
Scheme XIV
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D i a l k y l a t i o n  products  are formed by the r a d i c a l  a l k y l a t i o n  o f  the  
o r i g i n a l  charge t r a n s f e r  complex f o l l o w e d  by f u r th e r  rearrangement.
F r e e - r a d i c a l  a l k y l a t i o n  ( f o r  example,  m ét h y la t io n )  o f  p y r i d in e  
and m e t h y l p y r id in e s  (as  the  f r e e  b a s e s )  occurs a t  C-2 t o  a g r e a t e r  
exent  than does f r e e - r a d i c a l  a r y l a t i o n * * t he methyl  r a d i c a l  
being more n u c l e o p h i l i c  than the phenyl  r a d i c a l  f o r  the above sys tem s.  
However, M i n i s c i ' s  systems are q u i t e  d i f f e r e n t  from p r e v io u s  systems  
s tu d ied***  (where methyl  r a d i c a l s  have been used t o  a b s t r a c t  hydrogen  
from s u b s t i t u t e d  t o l u e n e s ) ,  where the methyl  r a d i c a l  has been  shown to  
be e l e c t r o p h i l i c  w i t h  a p va lu e  o f  -  0 . 1 .  I t  should a l s o  be p o in t e d  
out t h a t  a b s t r a c t i o n  from t o l u e n e s ,  by methyl  r a d i c a l s ,  i s  q u i t e  
exothermic  and f o r  t h i s  r e ason  the r a d i c a l  w i l l  show reduced p o l a r  
c h a r a c t e r * * .
The r e a c t i v i t y  o f  4 - p i c o l i n e  towards the c y c l o h e x y l  r a d i c a l  has  
been i n v e s t i g a t e d .  The t o t a l  r a te  r a t i o  r e l a t i v e  to  benzene was la r g e
(^4 m eth y lp y r id in e  _ 2 g . the c y c l o h e x y l  r a d i c a l  i s  known t o  be very  
benzene
n u c l e o p h i l i c * * » * * * ) ,  and the p a r t i a l  r a te  f a c t o r s  were:  F^=81.5;
F j= 5 .6 ;  which are much l a r g e r  than the p a r t i a l  r a te  f a c t o r s  found in  
hom olyt ic  aromatic  s u b s t i t u t i o n  r e a c t i o n s * * ? .
The n u c l e o p h i l i c  c h a r a c te r  o f  a l k y l  r a d i c a l s  has been f u r t h e r
confirmed by use  o f  p r o t o n a te d  p y r i d in e  as a s u b s t r a t e .  The r a d i c a l
MeNHCO(CH^)^CHg- was g e nera ted  from 2- m e t h y l - 3 , 3 - p e n ta m e th y le n e -  
2 +- o x a z i r a n  and Fe in  20% s u l p h u r i c  a c i d ,  in  the p resen ce  o f  p y r i d i n e ,  
to  g iv e  products  o f  s u b s t i t u t i o n  at  C-2 and C-4(2-34^ ; 4- 66A ) , and 
some 1 , 1 '-dime t h y l , 5 , 5 ' - b i p y r i d y l * *  *.
P r o t o n a t i o n  o f  p y r i d in e  a c t i v a t e s  the r in g  toward h om oly t ic  
a l k y l a t i o n * * ' * * * ' * * * .  Thus,  w h i l e  p y r i d in e  i s  not  b e n z y l a t e d  in  
n o n a c id ic  s o l u t i o n ,  2 -  and 4 -  b e n z y l p y r id i n e  are formed i n  a c i d i c  
media, the  r a d i c a l s  be ing  g e nera ted  by t h e r m o l y s i s  o f  d ib e n z y lm e r cu ry .
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Molecular  o r b i t a l  c a l c u l a t i o n s ^ ® ° ^  a l s o  show the a - p o s i t i o n  
to  be the most favoured p o i n t  o f  r a d i c a l  a t t a c k .  C a l c u l a t i o n s  fo r  the  
r e a c t i v i t i e s  o f  the and y -  p o s i t i o n s ,  however, do not  always  
correspond to  the e x p e r im e n t a l ly  determined  order o f  r e a c t i v i t i e s .
1 . 3 . 2
Homolytic  s u b s t i t u t i o n s of  the d i a z e n e s .
1 .3 .2 .1 Py r id a z in e
6
5
4
Data on the r e a c t i v i t y  o f  p y r i d a z in e  towards f r e e - r a d i c a l s  i s  
com plicated  by the c o n f l i c t i n g  nature  o f  the exper im en ta l  r e s u l t s  and 
the t h e o r e t i c a l  p r e d i c t i o n s  made of  the r e a c t i v i t y  o f  the m o le c u le .
The hom oly t ic  p h é n y l a t io n  of  p y r i d a z in e  w i t h  three  d i f f e r e n t  
r a d i c a l  sources  (benzoy l  p e r o x id e ,  N - n i t r o s o a c e t a n i l i d e  and 
b e n z e n e d ia z o ic  a c id )  has been  shown^*' to  g ive  4 - p h e n y l p y r id a z i n e  
o n ly .  Dou and Lynchi**' i*® have r e p o r te d  the form at ion  of  2 - ,  and 4 -  
p h e n y lp y r id a z in e s  (2 -> 4 - )  from the p h é n y l a t i o n  o f  p y r id a z in e  w i t h  
b enzoy l  perox id e  in  a c e t i c  a c i d .
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Sub stra te Media Isomer d i s t r i b u t i o n
2- 3— + 4—
Pyr id in e A c id ic 82 18
Non A c id ic 60 40
3 - 4 -
Pyr idaz  ine A c id ic 65 35
Non A c id ic 0 100
2- 4— + 5—
T h iaz o le Acid ic 84 16
Non Ac id ic 58 42
TaMe_IX
H e  p h é n y l a t io n  o f  _ s o m e _ ^ t e r o ç y ç l  e ^ i n _ a ç i d i ç _ a n d _ n o n y a ç i d  ic_media^
The quoted^? s y n t h e s i s  o f  the a u t h e n t i c  p h e n y I p y r i d a z in e s , 
however,  s u g g e s t s  that  the authors (Dou and Lynch) have mistaken the
3 -  isomer fo r  the 2 - i s o m er .
T h e o r e t i c a l  p r e d i c t i o n s  fo r  the r e a c t i v i t y  o f  the molecule  vary  
w ith  both the r e se ar c h  team the in fo r m a t io n  i s  ob ta in ed  from, and the  
method o f  c a l c u l a t i o n  used.  D i f f e r e n t  i n d i c e s  o f  r e a c t i v i t y  g i v e  
i n c o n s i s t e n t  r e s u l t s  even when o b ta in ed  from the same group of  
w o r k e r s .
Page 1-57
T h e o r e t i c a l  c a l c u l a t i o n s  are f u r t h e r  weakened in  t h i s  case as 
they  dea l  wi th  i s o l a t e d  m o le c u le s  and ign or e  i n t e r m o le c u la r  e f f e c t s  
such as hydrogen-bonding.  Though the p r e v io u s  assumption,  t h a t  
p y r i d a z in e  e x i s t e d  in d i s c r e t e  dimers ,  has been  disproved^®^, i t  i s  
s t i l l  apparent th a t  a strong  a s s o c i a t i o n  e x i s t s  be tween ne ighbouring  
m o le c u l e s * * * .  This could l ead  t o  both  s t e r i c  and e l e c t r o n i c  
i n t e r a c t i o n s  which should be taken i n t o  c o n s i d e r a t i o n  in the  
c a l c u l a t i o n s .
1 .3 .2 .2 Pyrimi d i ne -
6
5
4
The 2 - ,  4 - ,  and 6~ p o s i t i o n s  in  pyr im id ine  are n a t u r a l l y  e l e c t r o n  
d e f i c i e n t  by v i r t u e  of  the powerful  e l e c t r o n  withdrawing e f f e c t  o f  the  
n i t r o g e n  atoms.  In t h i s  they resem ble ,  q u a n t i t a t i v e l y ,  the a -  and y -  
p o s i t i o n s  in p y r i d i n e .  As the n i t r o g e n  atoms in pyr im id ine  are meta-  
t o  each o t h e r ,  t h e i r  s eparate  e f f e c t s  r e i n f o r c e  each o ther  (as in  
1 , 3 - d i n i t r o b e n z e n e )  and the r e s u l t a n t  e f f e c t  i s  g r e a t e r  than in  the  
case  o f  i t s  isomers pyraz in e  and p y r i d a z i n e ,  in  which the n i t r o g e n  
atoms e x e r t  e l e c t r o n i c  e f f e c t s  t h a t  p a r t l y  a n t a g o n i se  one ano ther .  
The 5 - p o s i t i o n  i s  not  as e l e c t r o n - d e f i c i e n t  as the 2 - ,  the 4 - ,  or the  
6 - p o s i t i o n ,  a lthough i t  i s  made s l i g h t l y  so by the ge n e r a l  in d u c t iv e  
e f f e c t .  I t ,  t h e r e f o r e ,  resembles  more the p - p o s i t i o n  o f  p y r i d i n e ,  and 
i s  the n e a r e s t  t o  a t r u l y  'arom at ic '  p o s i t i o n  in  p y r im id in e * * * .
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Pyrimidin e  i s  not  t r u l y  aromatic  because o f  the d e p l e t i o n  of  the  
Ti-electron  l a y e r  by the e le c tr o n -w i th d r a w in g  n i t r o g e n  atoms o f  the  
r in g .  Th is  i s  seen  in  i t s  i n s t a b i l i t y  to  pro longed t rea tm ent  w i th  
a l k a l i .
E l e c t r o p h i l i c  r e a g e n t s  almost  i n v a r i a b l y  a t t a c k  p y r i m i d i n e s  a t  
the 5- p o s i t i o n ,  the p o i n t  most d e p l e t e d  o f  e l e c t r o n s ,  b u t ,  accord ing  
to  the s t r e n g t h  of  the r e a g en t ,  one or more e l e c t r o n - s u p p l y i n g  groups  
are needed in  the m olecu le  to  permit  such s u b s t i t u t i o n .
Although the 2 - , 4 - ,  and 6-  p o s i t i o n s  o f  pyr im id ine  are s u i t a b l e
for  d i r e c t  n u c l e o p h i l i c  a t t a c k ,  on ly  a few examples  o f  the p r o c e s s  are  
known.
Pyrimidine  (pKa = 1 . 3 )  i s  a weak base compared w i th  p y r i d i n e  (pKa
= 5 . 2 ) * * * .  This  i s  due to  d e p l e t i o n  o f  the i r - e l e c t r o n s  caused  by the
i n s e r t i o n  of  the s t r o n g l y  e le c tr o n - w i t h d r a w in g  second n i t r o g e n  atom.
There i s  some i n c o n s i s t e n c y  between the p o s i t i o n a l  r e a c t i v i t i e s  
p r e d i c t e d  by t h e o r e t i c a l  calculat ions*® ®»***  and th ose  ob ta in ed  
expe r im en ta l ly**  ^ .
r qr Fr f . e . d .
2 0 .8 7 8 0 .092 0 .241
4 0 .8 8 4 0 .0 9 9 0 .437
5 0 .9 73 0 .665 0 .3  87
r = r th  p o s i t i o n  in  p y r im id in e ,  qr = charge d e n s i t y  a t  r th  p o s i t i o n  
Fr = f r e e  v a l e n c e  number at  r th  p o s i t i o n  
f . e . d .  = f r o n t i e r  e l e c t r o n  d e n s i t y  a t  r th  p o s i t i o n
Table X
The r e a c t i v i t i e s  o f  the v a r io u s  p o s i t i o n s  in  p yr im id in e  c a l c u l a t e d
by Davi es*®®.
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The c a l c u l a t i o n s  th e m s e lv e s  g i v e  d i f f e r e n t  p r e d i c t i o n s  depending  
upon whether charge d e n s i t i e s  are used to  p r e d i c t  the order  o f  
r e a c t i v i t i e s  (2 -> 4 -> 5 “ ) ,  or whether  f r e e  va len ce  numbers ( 4 - > 2 - > 5 ~ ) ,  
or f r o n t i e r  e l e c t r o n  d e n s i t i e s  (4 ->5->2~)  are used.
The a r y l a t i o n  of  pyr im id ine  w i t h  £ - n i t r o p h e n y 1 r a d i c a l s ,  produced  
from the corresponding  a c y l a r y l n i t r o s a m i n e , gave the 2 -  and 4 -  
s u b s t i t u t e d  p r o d u c t s ^ '* .  P o s i t i o n  2 -  in pyr imid ine  i s  a -  to  both  o f  
the n i t r o g e n  atoms, whereas p o s i t i o n  4 -  i s  a -  to  one n i t r o g e n  and y -  
to  the o t h e r .  Therefore  both p o s i t i o n s  are expected  t o  be a c t i v a t e d  
towards hom oly t ic  a t t a c k  on the b a s i s  o f  a d d i t i v i t y * ? ,  wi th  p o s i t i o n
2 -  be ing  more r e a c t i v e  than p o s i t i o n  4 - .  P o s i t i o n  5 - , be ing  p -  t o  both  
n i t r o g e n s  would be e x pec ted  t o  be the l e a s t  r e a c t i v e .  This  i s  in  f a c t  
what has been observed^**.
1 . 3 . 2 . 3  Pyraz ine
6
5
Very l i t t l e  work has been  done on the homoly t ic  s u b s t i t u t i o n s  o f  
p y r a z in e .  T h e o r e t i c a l  c a l c u l a t i o n s  s u g g e s t  th a t  the r e a c t i v i t y  o f  the  
i d e n t i c a l  p o s i t i o n s  2 - , 3 - , 5 -  and 6-  in  pyraz in e  i s  in te r m e d ia t e  
between the r e a c t i v i t i e s  o f  the o -  and p o s i t i o n s  o f  p y r i d in e ^ * * .
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P y r a z in e ,  l i k e  benzene and S - t r i a z e n e ,  i s  n o n - p o la r ,  i t s  r ing  be ing  
c e n tr o - s y m m e tr ic . Compet it ion between the  n i t r o g e n  n - i n d n c t i v e  
e f f e c t s  accounts  f o r  the e l e c t r o n  d e n s i t y  at  the pyr az in e  n i t r o g e n  
atoms ( 0 .0 8 2 e )  b e in g  sm a l l er  than t h a t  at  the p y r i d in e  n i t r o g e n  
atom^*^.
s i t e charge d e n s i t y
Pyr imidine ( 2- ) 0 .8 7 8
Pyraz ine ( 2- ) 0 .925
Pyr imidine ( 5 - ) 0 .973
Table XI
Tota l  charge d e n s i t i e s  of  d i az i nes as c a l c u l a t e d  by INDO^** methods.
Hydrogen p e r o x id e ,  t - b u t y l  hydroperoxide  and ammonium
p e r b x y d i s u lp h a te  have been used to  produce r a d i c a l s  from the e t h e r s ,  
dioxan ,  t e t r a h y d r o fu r a n ,  l - 3 , d i o x o l a n  and d i e t h y l  e t h e r ,  for  the  
o x y a l k y l a t i o n  of  protonated  h e ter o a r o m a t i c  b a s e s i * * * i * * .
— 0— C— H + X — 0— C • + XH (98)
X* = E l e c t r o p h i l i c  r a d i c a l s  ge n e r a te d  t h e r m a l ly ,  or by redox  
s y s t e m s ^ ' *.
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In the r e a c t i o n  between p y r a z in e  and d ioxan ,  mono- and d i ­
d e r i v a t i v e s  (A) were produced,  as w e l l  as  the dimer (B) ,
s upport in g  the hom oly t ic  nature  o f  the r e a c t i o n  which occurs v i a  the
d i m é r i s a t i o n  o f  the in t e r m e d ia t e  r a d i c a l  (C) and subsequent
o x i d a t i o n  ( r e a c t i o n  9 9 ) .
o
(A) (B)
V • H
R
(C)
( 9 9 )
OXIDATION
( - 4 H + )
H
R
R
(E) (D)
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A c y c l i c  e t h e r s  p a r t i a l l y  undergo p -  s c i s s i o n  w i t h  the form at ion  
of  carbony l  and a l k y l  compounds. Thus, w i t h  d i e t h y l  e t h e r ,  
i n t r o d u c t i o n  of  the oxyalky l  group i s  accompanied by the form at ion  of  
a p p r e c ia b le  q u a n t i t i e s  o f  e t h y l  and a c e t y l  d e r i v a t i v e s .  The formation  
o f  t h e s e  l a t t e r  d e r i v a t i v e s  i s  a t t r i b u t e d  to  a p -  s c i s s i o n  o f  the  
a -  o x y a l k y l  r a d i c a l :
C H ^ C H 2 — 0 — CH2 C H 3  — s. > CH3 CHO + C H 3 C H 2 '
(H" )
The e t h y l  r a d i c a l  a t ta c k s  the h e ter o a r o m a t i c  base  d i r e c t l y  and 
s e l e c t i v e l y ! * ! ,  forming the corresponding  e t h y l  d e r i v a t i v e .  
Aceta ldehyde  i n i t i a t e s  hom oly t ic  a c y la t i o n ! * ® .
Homolytic  a l k y l a t i o n * * *, a c y la t io n * * ® ,  amidation*** and 
a - a m i d o a l k y l a t i o n * * *, of  h e teroarom at ic  b a s e s ,  have bo th  s y n t h e t i c  and 
t h e o r e t i c a l  importance comparable to  F r i e d e l - C r a f t s  ' a l k y l a t i o n  in  the  
hom ocyc l i c  s e r i e s .
1 . 3 . 3
Eomol ,;t iç_sg l?st i  t o t  ion s  o f  qni i io l in e  and i s o g n i n o l i n e
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6
7
5 4
Qui no l i n e
6
7
5 4
I s o q u l n o l i n e
The hom oly t ic  p h é n y l a t io n  of  q o i n o l in e  hy b e n z o y l  p e r o x id e  was 
re por ted  by Hey and Walker^** t o  g ive  4 - p h e n y l q o i n o l i n e  and a s m a l l e r  
amoont o f  the 5 - i s o m e r .  In a l a t e r  i n v e s t i g a t i o n  of  t h i s  r e a c t i o n  by 
P a o s a c k e r i i * ,  a l l  of  the p h e n y l q o i n o l in e s  were i s o l a t e d .  The 
p e r c en ta g e  isomer d i s t r i b u t i o n  was 2 - , 6%; 3-,14%; 4- ,20%; 5-,~12%;
6 - , 8%; 7 - , 8%; and 8-,30%.
The order o f  p o s i t i o n a l  r e a c t i v i t i e s  ( 8 - > 4 - > 3 - > 5 - > 6 - , ? - > 2 - )  i s  in  
agreement wi th  t h a t  p r e d i c t e d  from e i t h e r  the f r e e  v a l e n c e  numbers*** 
or the atom l o c a l i s a t i o n  e n e r g ie s * * * '* * *  fo r  q u i n o l i n e .
Dou and Lynch*** have shown th a t  the t o t a l  r e l a t i v e  r e a c t i v i t i e s  
o f  q u i n o l in e  and i s o q u i n o l i n e ,  w i th  r e s p e c t  t o  benzene ,
benzene
towards p h é n y l a t io n  wi th  b e n z oy l  p e r o x id e ,  are i n c r e a s e d  in  a c i d i c  
s o l u t i o n ,  but  w i th  no change in  the isomer r a t i o s .  Re iger***  has used  
the  thermal de c om p os i t ion  o f  l ead t e t r a a c e t a t e  and l ead
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t e t r a p r o p i o n a t e ,  i n  the presen ce  o f  an e x c e s s  o f  the cor respond in g  
c a r b o x y l i c  a c id ,  as  sources  o f  methyl  and e t h y l  r a d i c a l s  f o r  the  
a l k y l a t i o n  o f  q u i n o l in e  and i s o q u i n o l i n e .  Quinol ine  gave the 2 -  and 
4 -  a l k y l a t e d  p r o d u c t s ,  and i s o q u i n o l i n e  gave the 1 - a l k y l  isomer o n l y .
Compet it ive  m é t h y l a t i o n  r e a c t i o n s ,  where t - b u t y l  perox id e  was 
d i s s o l v e d  in  m ix tures  o f  q u i n o l in e  or i s o q u i n o l i n e  and n a p h th a le n e ,  
showed the order o f  r e a c t i v i t i e s  in  n o n - a c id ic  s o l u t i o n  t o  be 
i s o q u i n o l i n e ( 1 . 5 2 ) >  q u i n o l i n e ( 1 . 2 5 ) >naphthalene(1 .00)**® .
The c o m p e t i t i v e  b e n z y l a t i o n  of  m ix tures  o f  p y r id in e  and q u i n o l i n e  
or i s o q u i n o l i n e ,  w i th  d ibenzy lm ercury  in  a c e t i c  a c id ,  gave r a t i o s  o f  
r e l a t i v e  r e a c t i v i t i e s ,  o f  q u i n o l in e  and i s o q u i n o l i n e  t o  p y r i d i n e ,  o f  
1 6 . 3 : 1  and 3 6 . 7 : 1 ,  r e s p e c t i v e l y * * * ,  which are much g r e a t e r  than the  
r e a c t i v i t i e s  ob ta in ed  in  n o n - a c i d i c  cond i t io n s * * *  ( p y r id i n e  i s  not  
b e n z y l a te d  in  n o n - a c i d i c  c o n d i t i o n s ) .
EXPERIMENTAL
E . l
Puri f i c a t i o n  of  mate r i a l s .
E . 1 . 1
Benzoyl  perox id e:
Chloroform was s a tu ra te d  w i th  b enzoy l  peroxide*®* (B.D.H.)  which  
c o n ta in e d  water  (30%). The aqueous l a y e r  was r e j e c t e d  and the  
f i l t e r e d  chloroform s o l u t i o n  was d i l u t e d  w i t h  th r ee  t imes  i t s  volume 
o f  i c e - c o l d  methanol .  The s o l i d  which separated  was f i l t e r e d  o f f  and 
the procedure was repeated  to  g iv e  b e n z oy l  perox id e  in  c o l o u r l e s s  
n e e d l e s  [m.pt .  1 0 4 . 5®C (decomp.)j  l i t .  m .pt .  1 0 3 . 5®C***].
In another method, warm chloroform was s a tu ra te d  w i th  b e n z o y l
per ox id e  ( B .D .H . ) ,  the aqueous l a t e r  removed, and the ch loroform  
s o l u t i o n  coo led  in  a r e f r i g e r a t o r  (~5®C). Rhombic c o l o u r l e s s  c r y s t a l s  
o f  b enzoy l  perox id e  se p ar a te d  out ,  m .p t .  1 0 5 . 5®C (decomp.) .  These  
c r y s t a l s  were s l i g h t l y  more pure (99.7%) by El  t e s t * * *  than those  
ob ta in ed  by the prev iou s  method (99.2% by El  t e s t ) ,  but  the method was
r e j e c t e d  due to  the e x p l o s i v e  nature o f  the r e a g en t .
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E . l . 2
P y r id in e  :
Dried p y r i d in e  (B.D.H.)  ( s t o r e d  over  potass ium  hydroxide  p e l l e t s )  
was f r e s h l y  d i s t i l l e d ,  us ing  ca lc ium c h l o r i d e  guard tu b e s ,  under  
atmospheric  p r e s su re  b e fo re  each experiment ( b . p t .  114.5-115®C; l i t .  
b . p t . l l 5 . 5 ® C * ’ « ) .
E . l . 3
Benzene :
Sodium d r ied  benzene (May and Baker) ,  c r y s t a l l i s a b l e ,  was 
f r e s h l y  d i s t i l l e d  by a method s i m i l a r  to  t h a t  used f o r  p y r i d i n e .
E . l . 4
P y r i d a z i n e :
Pyr id az in e  (A ldr ich )  was d i s t i l l e d  under reduced p r e s s u r e  and 
s t o r e d ,  in  a dark b o t t l e ,  a t  -5®C ( b . p t .  59 -60°C/2  mm; l i t .  b . p t .  
208®C**‘ ) .
E . l . 5
Benzoic  ac id :
Benzoic  ac id  (May and Baker)  was r e c r y s t a l l i s e d  from water  t o  
g i v e  c o l o u r l e s s  f l a t  c r y s t a l s  (m .pt .  122®C; l i t .  m.pt .122®C**®),
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E . l . 6
Q u i n o l i n e :
Q uin o l ine  (B.D.H.)  was s to r e d  over potass ium  hydroxide p e l l e t s  
and f r e s h l y  d i s t i l l e d  under reduced p r e s s u r e  b e f o r e  each experiment  
( b . p t .  l ll -112®C/15mm; l i t .  b . p t .114®C/17mm**«) .
E . l . 7
I s o q u i n o l i n e  :
I s o q u i n o l i n e  (B.D.H.)  was f r e s h l y  d i s t i l l e d  under reduced  
p r e s s u r e  b e fo r e  each exper iment,  us ing  an a i r  condenser  t o  c o l l e c t  the  
s o l i d  (m.pt .  24®C b . p t .  128®C/17 mm; l i t .  m .pt .  24.6®C b . p t ,  
242®C**«).
E . l . 8
Dioxan:
Dioxan (May and Baker) was d i s t i l l e d  under atmospheric  p r e s su r e  
and s to r e d  in  a dark b o t t l e  ( b . p t .  103®C; l i t .  b . p t .  
101®C/750mm**«).
E . l . 9
Cyclohexane c a r b o x y l i c  ac id :
Cyclohexane c a r b o x y l i c  ac id  (B.D.H.)  was d i s t i l l e d  under reduced  
p r e s s u r e  us ing  an a i r  condenser  ( b . p t .  103-104®C/4 mm; l i t .  
b.pt . l05 -106® C/4m m **«) .
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E . 1 . 1 0
M is c e l l a n e o u s  chemica ls :
Pyraz in e  (A ldr ich  99%+ Gold L a b e l ) ,  sodium a c e t a t e  (May and 
B ak er) ,  ammonium p e r o x y d i su lp h a te  (May and B ak er ) ,  sodium benzoate  
(May and Bak er ) ,  s i l v e r  n i t r a t e  ( B .D .H . ) ,  p e n t a f l u o r o n i t r o s o b e n z e n e  
( B r i s t o l  O r g a n ic s ) ,  meta- d i n i t r o b e n z e n e  (Harr ington B r o s . ) ,  d ib e n z y l  
(Ralph N Emanuel),  4 -pheny lpyr im id in e  ( A l d r i c h ) ,  sodium methoxide  
( A l d r i c h ) ,  pyr imid ine  ( A l d r i c h ) ,  5 -aminopyr id in e  (Koch L i g h t ) ,  cupr ic  
c h l o r i d e  (May and Baker) and f e r r i c  c h l o r i d e  (May and B ak er ) ,  were 
used as  s u p p l i e d .
E.2
Prepar a t i o n of  a u t h e n t i c  samples  and c a t a l y s t s .
E . 2 . 1
C o p p e r ( I I )b en zoa te  :
C o p p e r ( I l )b e n z o a te  was obtained  by mixing equimolar s o l u t i o n s  o f  
c o p p e r d D c h l o r i d e  and sodium benzoate  in  w ate r .  C o p p e r ( I l )b e n z o a te  
[Cu(C^H^Oj)j.2HjO] p r e c i p i t a t e d  a f t e r  double dec om p os i t ion  o f  the  
two s a l t s .  The s o l i d  was f i l t e r e d ,  washed w i t h  h o t  w ate r ,  
r e c r y s t a l l i s e d  from a l c o h o l ,  and d r ied  t o  g iv e  a b lue  c r y s t a l l i n e  
powder.
Page E-5
E . 2 . 2
F e r r i c ( I l l ) b e n z o a t e :
F e r r i c ( I l l ) b e n z o a t e  [Fe(C^HjO^) 3] was prepared by a s i m i l a r  
method u s in g  f e r r i c ( I l l ) c h l o r i d e  and sodium b e n z o a t e .  I t  was 
d i s s o l v e d  i n  hot  a l c o h o l .  A p r e c i p i t a t e  was ob ta in ed  on c o o l i n g  to  
room temperature .  A brown powder of  f e r r i c ( I l l ) b e n z o a t e  was o b ta in ed  
on drying the p r e c i p i t a t e .
E . 2 . 3
2 - P h e n y I p y r i d i n e :
2-Aminopyrid ine (lOgm), in  dry benzene (100 m l ) ,  was b o i l e d  under  
r e f l u x  in a 250 ml three  necked round bottomed f l a s k ,  equipped w i t h  a 
condenser and a calc ium c h l o r i d e  guard tube,  wh i le  amyl n i t r i t e  (18 
m l) (B .D .H . )  was added, dropw ise .  The s o l u t i o n  was b o i l e d  under r e f l u x  
fo r  s i x  hours when the s low e v o l u t i o n  o f  n i t r o g e n  ceased .  The e x c e s s  
o f  s o l v e n t  and p e n t y l  a l c o h o l  were removed by ro ta r y  ev a p o r a to r .  The 
r e s i d u e  was e x t r a c t e d  w i th  7N h y d r o c h lo r ic  ac id  and then  d i s t i l l e d  
under reduced p r e s s u r e .  2 -P h e n y lp y r id in e  ( 2 .7  gm.) was c o l l e c t e d  as a 
y e l l o w  o i l  ( b . p t .  1 3 2 ° C/2 mm; l i t .  b . p t . 2 6 8 . 9 ° C^’ «) .  On r e a c t i o n  
w ith  p i c r i c  a c i d ,  orange y e l l o w  rhombic c r y s t a l s  o f  the p i c r a t e  were  
o b ta in ed  (m .pt .  175°C; l i t .  m .p t .  175°C -  176°C) .
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E . 2 . 4
3 -P heny lpyr id  i n e :
A s i m i l a r  method^** i n v o lv i n g  the d i a z o t i s a t i o n  of
3 -a m in o p y r id in e ,  was used .  3 - P h e n y lp yr id in e  was obta in ed  in  a 52% 
y i e l d ,  as a p a le  y e l lo w  o i l  ( b . p t .  135®C/2 mm; l i t .  
b . p t . 2 6 9 - 7 0 ° C / 7 4 9 m m ^ , The p i c r a t e  c r y s t a l l i s e d  as p a le  y e l l o w  
n e e d l e s  (m .p t .  159-160°C; l i t .  m .pt .  159°C - 1 60°C ) ,  from a c e to n e .
E . 2 . 5
4 - P h e n y l p y r i d i n e :
4 - P h e n y lp y r id in e  was s u p p l ied  by Ralph N Emanuel and was p u r i f i e d  
by r e c r y s t a l l i s a t i o n  from water us ing  c h a r c o a l .  Pure w h i te  f l a k y  
c r y s t a l s  were obta in ed  (m.pt .  78°C; l i t .  m .pt .  77-78°C^’ * ) .  The 
p i c r a t e  c r y s t a l l i s e d  as orange n e e d l e s  (m.pt .  195-196°C; l i t .  m .pt .  
195°C -  196°C) from a ce tone .
E . 2 . 6
5 - P h e n y I q u i n o l i n e :
Q uin o l ine  was n i t r a t e d  us ing  su lphur ic  ac id  and n i t r i c  acid^*®.  
N i t r i c  ac id  ( d e n s i t y  1 . 5 ,  97%) was added g r a d u a l ly  to  the base  in
s u lp h u r ic  ac id  ( d e n s i t y  1 . 8 4 ) .  A f ter  t h i r t y  minutes  the s o l u t i o n  was 
poured i n t o  i c e .  On p a r t i a l  b a s i f i c a t i o n  (pH 2 . 1 ) ,  the m ono-n itro  
f r a c t i o n  separa ted  o u t .  5 - N i t r o q u i n o l i n e  was o b ta in ed ,  as c o l o u r l e s s  
p l a t e s ,  from aqueous e th anol  (m.pt .  70°C) .
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The n i t r o q u i n o l i n e  was reduced to  5 -am inoqnino l ine  us ing
g r a n u la te d  t i n  and h y d r o c h lo r ic  ac id ^** .
5“Aminoquinol ine was d i a z o t i s e d  w i th  amyl n i t r i t e  to  g iv e
5 - p h e n y l q i n o l i n e  (6.7% y i e l d )  as p a le  y e l l o w  n e e d l e s  (m.pt .  82°C; 
l i t .  m .p t . 8 2 - 8 3 * C i 7 * ) .
E . 2 . 7
3 - P h e n y l p y r i d a z i n e :
3-PhenyIpyr id az ine  was made by the method of  Gabriel  and 
Colman**!.  3 -PhenyIpyr id azinone  was formed by the c on d e n sa t ion  of  
b e n z o y I p r o p io n ic  ac id  and hydrazine  s u l p h a t e .  The p y r idaz inon e  was 
c h l o r i n a t e d ,  aromat ised,  and su b se q u e n t ly  d e c h l o r i n a t e d  to  g iv e
3 -p h e n y I p y r id a z in e  as l i g h t  brown f la k y  c r y s t a l s  (m.pt .  101-102°C;  
l i t .  m .p t .  102-103°C^’ * ) . The p i c r a t e  m el ted  at  127°C ( l i t .  
m . p t . l 2 7 ° C i 7 « ) .
A change from the l i t e r a t u r e  method was found n e c e s s a r y  in  the  
d e i o d i n i s a t i o n  o f  3 - p h e n y l - 6 - i o d o p y r i d a z i n e . Sodium m e t a b i s u lp h i t e  
was used t o  remove e x c e s s  i o d i n e ,  and the p y r id a z in e  was obta in ed  by 
e x t r a c t i o n  w i th  e t h e r .
E.2 .8
4~PhenyIpyr idaz i n e :
The method o f  Stoermer and Fincke*** gave ve r y  low y i e l d s  (3%) o f  
the  p y r i d a z in e  which was not  ea sy  t o  p u r i f y .  However, on
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d e c o m p o s i t io n  o f  benzoy l  perox id e  in  p y r i d a z in e ,  us ing  a 1 : 6  r a t i o  o f  
p e r o x id e  t o  p y r id a z in e  and s e p a r a t io n  o f  the b i a r y l  p r o d u c t s ,  the  
d i s t i l l a t e  o f  p h e n y lp y r id a z in e s  was found to  c o n s i s t  o f  almost  pure  
4“phenyIpyr i d a z i n e . On f u r th e r  p u r i f i c a t i o n ,  c l e a r  f l a k y  c r y s t a l s  o f
4 - p h e n y l p y r id a z i n e  (99%) were obta in ed  (m.pt .  85°C; l i t .
m . p t . 86- 8 6 . 5 ° C i ? * ) .  The p i c r a t e  was c r y s t a l l i s e d  from e th ano l  to  g iv e  
y e l l o w  orange rhombic c r y s t a l s  (m.pt .  128°C) .  The i d e n t i t y  o f  the  
compound was confirmed by mass s p e c tr o s c o p y ,  carbon a n a l y s i s  and 
n u c l e a r  magnetic  resonance (N.M.R.) s p e c tr o s c o p y  (A .3 . 4 ) .
E . 2 . 9
P h e n y l p y r a z i n e :
tç-Bromoacetophenone (35 gm) was r e f l u x e d  w i th  e th y le n e  diamine  
(65 ml) fo r  twenty four hours .  The golden red s o l u t i o n  was kept  in  a 
c l o s e d  system for  another e i g h t  hours when an orange y e l l o w  
p r e c i p i t a t e  came out of  s o l u t i o n .  The r e s i d u a l  bromine and e t h y le n e  
diamine were removed on washing wi th  water  l e a v i n g  p a le  y e l l o w  
c r y s t a l s  o f  2- p h e n y 1 , 3 , 4 , 5 , 6- t e t r a h y d r o p y r a z i n e . The crude product  
weighed 23 gm. 2 - P h e n y l , 3 , 4 , 5 , 6- t e t r a h y d r o p y r a z in e  (8 gm) was ground 
in  a mortar and r e f l u x e d  with  io d in e  (25 gm) in n i t r o b e n z e n e  (100  
ml) fo r  e i g h t  h o u r s .  A t h i c k  dark s o l u t i o n  was obta in ed  a t  the  end 
o f  the r e a c t i o n .  On a d d i t i o n  o f  sodium m e t a b i s u l p h i t e  the l i q u i d  
became l i g h t e r  in  c o lo u r ,  but  was s t i l l  very  c lo udy .  Sodium carbonate  
was added u n t i l  the s o l u t i o n  reached a pH of  9 .  The s o l u t i o n  was 
r e p e a t e d l y  e x t r a c t e d  w i th  to luene  (5x30 m l ) .  The t o lu e n e  e x t r a c t s  
were e x t r a c t e d  w i t h  7N h y d r o c h lo r ic  ac id  (3x30 m l ) .  The a c i d i c  
s o l u t i o n  was n e u t r a l i s e d  w i t h  sodium carbonate and e x t r a c t e d  w i th  
t o lu e n e  (3x30 m l ) .
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The t o lu e n e  e x t r a c t s  were dr ied  wi th  anhydrous magnesium 
s u l p h a t e ,  and on d i s t i l l a t i o n  under reduced p r e s su r e  y i e l d e d  1 .8  gm 
(23% y i e l d )  o f  phenylpyraz in e  as a pa le  brown s o l i d  (m.p t .  68°C w i t h  
s i n t e r i n g ) .  The i d e n t i t y  o f  the compound was confirmed by N.M.R., mass 
s p e c tr o s c o p y  and carbon a n a l y s i s  (A.3 . 5 ) .
E . 2 . 10
2 - P h e n y I p y r im id in e :
The method o f  Moisack, Peukert and Schoenleben*°s was used in  
t h i s  s y n t h e s i s .  The only  a l t e r a t i o n s  from the l i t e r a t u r e  method were  
in  the use o f  t h i o n y l  c h l o r i d e  in  p lac e  o f  phosgene ,  and benzamidine  
ammonium benzenesulp honate***  in  p lace  o f  benzamidine h y d r o c h l o r id e .  
The p y r im id ine  m el ted  at  37 -  38°C ( l i t .  m .pt .  37 -  38°C^*^) and had a 
b . p t .  o f  100°C/5 mm.
E . 2 . 11
4 - P h e n y l p y r im id in e :
4 - P h e n y l - 2 - t h i o u r a c i l  (m.pt .  257°C^°*) was d e su lp h u r i se d  t o  g i v e
6-hydroxy -4~p heny lp yr im id ine  (m.pt .  270°C) .  The hydroxyphenyl— 
p yr im id in e  was ch lo r in a te d * * *  to  g ive  6- c h l o r o , 4 -p h e n y lp y r im id in e ,  
which was d e c h l o r i n a t e d  by b o i l i n g  w i th  55% hydrogen io d id e  amd red  
phosphorus .  On p u r i f i c a t i o n  o f  the product  4 -pheny lpyr im id ine  was 
o b t a in e d  (m .p t .  64°C; m .p t .  o f  p i c r a t e ,  162-163°C)
However, a purer  form was l a t e r  s u pp l ied  by A ldr ich  Chemicals  and 
t h i s  was used  f o r  a n a l y t i c a l  purposes .
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E . 2 . 12
S - P h e n y lp y r im id in e :
Ethylphenylmalonate*®^ was condensed wi th  nrea ( B .D .H . ) ,  u s ing  
sodium methoxide ,  to  g ive  5 - p h e n y l h a r b i t u r i c  acid*®*. The b a r b i t u r i c  
ac id  was aromat ised v i a  o x i d a t i v e  c h l o r i n a t i o n  t o  g iv e  
5“pheny1 - 2 , 4 , 6- t r i c h l o r o p y r i m i d i n e * *’ . The t r i c h l o r o — d e r i v a t i v e  was 
l a t e r  d e c h l o r i n a t e d  us ing hydrogen iod id e  and phosphorus in  g l a c i a l  
a c e t i c  a c i d ,  t o  g i v e  5-phenyIpyr imidine  as a c l e a r  y e l l o w  o i l  (m.p t .  
24-27»C, b . p t .  l l l - 1 3 2 * C / 2  mm; l i t .  m .pt .  23-27*0*®*, b . p t .  
1 2 0 - 1 4 0 * 0 / 0 . 01mm*®7 ) .  The p i c r a t e  m el ted  at  117-119*0 ( l i t .  m .p t .  
120*0 *®4).
The i d e n t i t y  o f  a l l  the above mentioned compounds were confirmed  
by a n a l y t i c a l  methods, such as ,  mass sp e c tr o s c o p y ,  N.M.R.,  carbon  
a n a l y s i s  and i n f r a - r e d  sp e c tr o s c o p y .  The r e s u l t s  are g iv e n  i n  the  
appendix ( S e c t i o n  A .3 ) .
E.3
E i p e r im e n t a l_ c o n d i t i o n s ^
E .3 .1
Decom pos it io n  of  b e n z o y l  perox id e:
E . 3 . 1 . 1  P y r id in e :
R e a c t io n s  were c a r r i e d  out in  250 ml round bottomed f l a s k s  w i t h  
ground g l a s s  j o i n t s  which were f i t t e d  w i th  L ie b ig  condensers  and 
ca lc ium c h l o r i d e  guard tu b e s .
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F la s k s  c o n ta in in g  p y r id in e  (75 gm) were p laced  in  the therm osta t  
f o r  one honr b e f o r e  the a d d i t i o n  of  the r e agen t .  The a d d i t i o n  o f  
b e n z o y l  perox id e  was e f f e c t e d  w i th  s t i r r i n g  and the s i d e s  o f  the f l a s k  
were immediate ly  washed down w i th  a fu r th e r  25 gm of  the s o l v e n t .  
The r eagen t  d i s s o l v e d  e a s i l y ,  and the f l a s k s  were removed from the  
bath  a f t e r  twenty four hours,  the r e a c t i o n  be ing  assumed t o  be 
comple t e .
The method used fo r  c o m p et i t ive  exper iments  was i d e n t i c a l  except  
f o r  changes in  the chemical  com posi t io n  of  the s o l v e n t .
C a t a l y s t s  (50 mg) were added b e fore  the a d d i t i o n  o f  benzoy l  
p e r o x i d e .
E . 3 . 1 .2  Q uin o l ine :
Q uin o l ine  (14 gm) was phenylated  w i th  benzoyl  perox id e  (0 .525  
gm)- a t  80°C, u s in g  the method used for  p y r i d i n e .  A d d i t i v e s  (2 -3  mg) 
were used in  the c a t a l y s e d  exper im ents .
E . 3 . 1 .3  I s o q u i n o l i n e :
I s o q u i n o l i n e  (14 gm) was phenylated  wi th  benzoyl  perox id e  ( 0 .5 2 5  
gm) by the same method as used for  q u i n o l in e ,  however,  s in ce  
i s o q u i n o l i n e  i s  a s o l i d  at  room temperature,  the base was warmed to  
about 27®C, which f a c i l i t a t e d  easy  t r a n s f e r  to  the r e a c t i o n  f l a s k .
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The decom p osi t ion  o f  benzoy l  perox id e  in  q u i n o l in e  and
i s o q u i n o l i n e  gave low y i e l d s  o f  b i a r y l .  The exper iments  were repeated  
u s in g  10 gm of  the base ,  in  order to  in c r e a s e  the perox id e  t o  base  
r a t i o .
E . 3 . 1 . 4  P y r id a z in e :
P y r id a z in e  (1 gm) and benzene (5 gm) were a l low ed  to  r e a c t  w i th  
b e n z o y l  perox id e  (0 .3 5  gm) in a 25 ml round bottomed f l a s k  f i t t e d
w i t h  a L i e b i g  condenser and a ca lcium c h l o r i d e  guard tube .  Due t o  the
smal l  bu lk  o f  the r e a c t a n t s  pre h e a t in g  was not  n e c e s s a r y .  Benzoyl
p e r o x id e  and the c a t a l y s t s  were poured down the f l a s k ,  c a r e f u l l y
a v o id in g  c o n ta c t  w i th  the neck.  The s o l v e n t  was then  poured down the  
s i d e s  o f  the v e s s e l .  The f l a s k  was shaken u n t i l  a l l  the perox id e  had 
d i s s o l v e d ,  and then  immersed i n t o  the o i l  bath .  The r e a c t a n t s  took
about 10 minutes  to  reach the bath temperature .  About 2 .5  mg o f
a d d i t i v e s  were used in  the c a t a l y s e d  exper im ents .  The f l a s k s  were
removed a f t e r  twenty four hours .
E . 3 . 1 . 5  Pyraz in e:
Pyraz ine  ( 0 . 5 0  gm) and benzoyl  perox id e  ( 0 .3 5  gm) were 
c a r e f u l l y  poured i n t o  a 10 ml round bottomed f l a s k  f i t t e d  w i th  
a L i e b i g  condenser and a calc ium c h l o r i d e  guard tube (about 2 . 5  mg of
a d d i t i v e s  were a l s o  added along w i th  the r e s t  of  the s o l i d s  in  the
c a t a l y s e d  e x p e r im e n ts ) .  Benzene ( 2 .5  gm) was poured down the  w a l l  o f
the f l a s k .  The f l a s k  was shaken u n t i l  the pyraz in e  and benzoy l
p e r o x id e  had c o m p le te ly  d i s s o l v e d  in  the s o l v e n t ,  and then immersed 
i n t o  the o i l  ba th .  The r e a c t a n t s  reached the bath temperature in  l e s s  
than t en  m inutes .
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E . 3 . 1 . 6  Pyr imidin e:
Benzoy l  perox id e  (0 .35  gm) was al lowed to  decompose in  a m ix ture  
o f  benzene (2 .5  gm) and pyrimidine  (0 .5  gm) for  twenty  four hours by 
a method i d e n t i c a l  to  th a t  used for  p y r a z in e .
E . 3 . 2
O x id a t iv e  d e c a r b o x y la t i o n  of  benzo ic  ac id :
P h é n y l a t i o n  by o x i d a t i v e  d e c a r b o x y la t io n  o f  b e nzo ic  a c i d ,  by 
ammonium p e r o x y d i s u lp h a te ,  was attempted us ing  the method of  
M in is c i* * ?  fo r  dec a r b o x y la t in g  a l i p h a t i c  c a r b o x y l i c  a c i d s .  However, 
the low s o l u b i l i t y  o f  benzo ic  ac id  in  water made i t  a two phase  
r e a c t i o n .  To overcome t h i s ,  the method o f  Anderson and Kochi***,  
which i n v o l v e s  d im ethy lsu lp hox id e  (DMSO) as a c o - s o l v e n t ,  was used .  
However, the amount o f  DMSO found n e c e s s a r y  to  d i s s o l v e  a l l  the  
b e n z o i c  a c id  was found to  form an e x p l o s i v e  mixture w i th  ammonium 
p e r o x y d i s u l p h a t e .  Th is  could be due to  the o x i d a t i o n  o f  DMSO t o  
the sulphone by the p e rsu lp hate*** .
The use o f  ace tone  as a c o - s o l v e n t  gave r i s e  t o  a high  number of
s id e  p r o d u c t s  and v e r y  low y i e l d s .
L a t e r ,  a method d e v i se d  for  p h é n y la t io n  o f  p r o ton ate d
4- s u b s t i t u t e d  p y r i d i n e ,  by the o x i d a t i v e  d e c a r b o x y la t i o n  of  b e n z o ic
a c id  by p e r s u lp h a t e * ? ,  was used in  a m odif ied  form.
Page E -14
A one-phase  system could  not  be o b ta in ed  u s in g  the quoted
e x p e r im e n ta l  c o n d i t i o n s .  At e l e v a t e d  tempet r a t u r e s ,  where h i g h e r
s o l u b i l i t y  was a c h i e v e d ,  the b e n z o ic  ac id  steam d i s t i l l e d ,  and
c o l l e c t e d  as w h i t e  n e e d l e s  on the neck of  the f l a s k .
To a s o l u t i o n  o f  p y r i d in e  ( 0 .0 1  mole) and s i l v e r  n i t r a t e  ( 0 . 0 3 )  
in  10% s u l p h u r i c  a c i d  ( 0 .0 1  mole) and ben z o ic  a c id  ( 0 . 0 5  m o le ) ,  h e a t e d  
at  70°C under r e f l u x  w i th  v i g o r o u s  s t i r r i n g ,  was added,  over  about t en  
m in u te s ,  a s o l u t i o n  o f  ammonium p e r s u lp h a te  ( 0 .0 3  mole)  in  w a te r  (15  
m l) ,  between 85°C and 95®C, under r e f l u x .
A f t e r  the e m i s s i o n  o f  carbon d i o x id e  had c eased  (about one h o u r ) ,  
the s t i r r i n g  and h e a t i n g  were cont in ued  f o r  20 m in u te s .  The condenser  
had to  be c l e a r e d  e v e ry  12-13  minutes  w i t h  a g l a s s  rod as  b e n z o i c  a c i d  
c o l l e c t e d  in  the con d e n se r .  The s o l u t i o n  was poured i n t o  i c e  and 30% 
w/w ammonia, and e x t r a c t e d  w i th  ch loroform.  The or gan ic  l a y e r  was 
washed w i t h  10% sodium hydroxide and w ate r ,  d r i e d  w i t h  anhydrous  
magnesium s u l p h a t e ,  and ana lysed  by gas l i q u i d  chromatography ( g . l . c . ) .
In order  to  determin e  whether the e x t e n t  o f  p r o t o n a t i o n  a f f e c t e d  
the o r i e n t a t i o n  o f  a t t a c k  by the pheny l  r a d i c a l  on the h e t e r o c y c l e ,  
the use o f  b u f f e r s  was attempted during the p h é n y l a t i o n  t o  c o n t r o l  the  
pH. However, th e  b u f f e r s  p r e c i p i t a t e d  s i l v e r  from the s o l u t i o n  and 
the  method was abandoned.
E v e n t u a l l y ,  th e  r e a c t i o n  was c a r r i e d  out by adding v a r i o u s  
amounts o f  sodium carbonate  to  the r e a c t i o n  mixture  and measuring the  
pH as the r e a c t i o n  p r o g r e s s e d .  Sodium be nz oa te  was used i n  p l a c e  o f  
b e n z o i c  a c i d  i n  subsequent  e xp e r im en ts .  When b e n z o i c  a c id  was u s e d ,  
the r e a c t i o n  m ixture  formed a s i n g l e  phase o n ly  a t  pH's  above 7 . 5 .  
Using sodium b e n z o a t e  a s i n g l e  phase cou ld  be o b ta in ed  even  a t  a pH as 
low as 1 . 5 .
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E . 3 . 3
O x id a t iv e  d e c a r b o x y l a t i o n  of  a c e t i c  a c id  and p r o p io n ic  ac id :
The o x i d a t i v e  d e c a r b o x y l a t i o n  of  a c e t i c  a c id  and p r o p i o n i c  a c id  
by p e r s u l p h a t e ,  were done by the method o f  M in is c i  e t .  a l . * * ? .
The s i l v e r  n i t r a t e  had t o  be d i s s o l v e d  b e f o r e  the a d d i t i o n  o f  
b e n z o ic  ac id  or p e r s u l p h a t e ,  as the  c a t a l y s t  r e fu s e d  t o  d i s s o l v e  i f  
added l a t e r .  Some s i l v e r  n i t r a t e  p r e c i p i t a t e d  out o f  s o l u t i o n  on the  
a d d i t i o n  o f  p y r a z i n e .  The phenomenon was not  observed w i t h  any o f  the  
o t h e r  b a s e s .
E . 3 . 4
O x id a t iv e  d e c a r b o x y l a t i o n  of  c yc lohexane  c a r b o x y l i c  ac id :
The method used was s i m i l a r  to  t h a t  used f o r  the d e c a r b o x y l a t i o n  
o f  b e n z o ic  a c i d .  The s o l u b i l i t y  o f  cyc lohexane  c a r b o x y l i c  a c id  in  
water  i s  a l s o  very  low,  but  as i t  does not  steam d i s t i l  as r e a d i l y  as 
b e n z o i c  a c i d ,  the r e a c t i o n  cou ld  be c a r r i e d  out  at  100-102°C ,  when 
a p p r e c ia b le  s o l u b i l i t y  was o b t a in e d .
F r i e d e l  C r a f t s '  a l k y l a t i o n  o f  p y r i d i n e  us ing  cy c lo h e x e n e  and 
c o n c e n tr a t e d  s u l p h u r i c  a c i d ,  gave v e r y  poor y i e l d s  o f  a m ix ture  o f  
c y c l o h e x y l p y r i d i n e s  which cou ld  not  be separated  i n t o  i n d i v i d u a l  
i so m e r s .  The r e a c t i o n  p r o d u c t s  w ere ,  t h e r e f o r e ,  aromat ised  u s in g  
i o d in e  and red phosphorus ,  and the aromat ised pr oduc t s  compared w i t h  
the  known specimens  o f  p h e n y l p y r i d i n e s  u s ing  g . l . c .
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S i m i l a r  methods were used f o r  the c y c l o h e x y l a t i o n  o f  p y r i d a z i n e ,  
pyr az in e  and p y r i m i d i n e .
E . 3 . 5
The r e a c t i o n  of  p y r a z in e  w i t h  d io x a n y l  r a d i c a l s :
This  r e a c t i o n  was undertaken,  p a r t l y  as an e x t e n s i o n  o f  the work 
done on a l k y l a t i o n ,  and p a r t l y  because  i t  was the most w e l l  documented 
work done by M in i s c i  e t .  a j l . **? .  P u b l i s h e d  d e t a i l s  o f  the r e a c t i o n  
pr oduc t s  in c lu d ed  N.M.R. s p e c t r a  which could  be d i r e c t l y  compared 
w ith  those  ob ta in ed  by u s .  The r e s u l t s  ob ta in ed  were i n  v e r y  c l o s e  
agreement w i t h  t h o s e  r e p o r te d  in  the l i t e r a t u r e .  However, o t h e r  
exper im ents  done by the same au t h o r s ,  which we at tempted  t o  d u p l i c a t e  
( e . g .  the  a t t a c k  of  the e t h y l  r a d i a l  on p r o to n a te d  p y r i d i n e  v i a  the  
o x i d a t i v e  d e c a r b o x y l a t i o n  of  p r o p i o n i c  a c i d ) ,  did not  c o r r e l a t e  in  any 
way with  the r e s u l t s  quoted .  D e t a i l s  o f  the a n a l y t i c a l  methods fo r  
t h e . l a t t e r  exper iment were not  p u b l i s h e d  and t h e r e f o r e  could not  be 
compared w i th  our methods.  Correspondence w i th  the  authors  did not  
produce a r e s p o n s e .
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E .4
Ana l y t i c a l  methods,
E . 4 . 1
A n a l y s i s  o f  the r e a c t i o n  products  o b ta in ed  from the dec o m p o s i t io n  o f  
b e n z o y l  perox id e  in  p y r id in e* * * :
The bulk o f  the unreacted  p y r i d i n e  was removed by d i s t i l l a t i o n  a t  
atm ospher ic  p r e s s u r e .  E s t e r s  in the r e s i d u e  were s a p o n i f i e d  w i t h  
b o i l i n g  sodium hydroxide (2N, 100 m l ) ,  f o r  four  hours .  The
u n s a p o n i f i a b l e  m a t e r i a l  was th o r o u g h ly  e x t r a c t e d  w i t h  t o lu e n e  (3x50
m l ) .  The to lu e n e  e x t r a c t s  were washed w i t h  water  (25 ml) and d r i e d  
(anhydrous magnesium s u l p h a t e ) .  The sodium hydroxide  s o l u t i o n ,  
combined w i t h  the aqueous w ash in gs ,  was worked up f o r  b e n z o ic  ac id  as  
f o l l o w s  :
• B enzo ic  ac id  e s t i m a t i o n :  The a l k a l i n e  e x t r a c t s  o f  the
s a p o n i f i c a t i o n  m ix ture  were made j u s t  a c id  w i t h  h y d r o c h l o r i c  ac id  and 
then  n e u t r a l i s e d  by the a d d i t i o n  o f  sodium hydrogen c arbonate .  The
m ix ture  was he a ted  to  b o i l i n g ,  and the f l o c c u l e n t  p r e c i p i t a t e  o f  
s i l i c i c  a c i d ,  which a r i s e s  from the a t t a c k  of  sodium hydroxide on the  
g l a s s  during the s a p o n i f i c a t i o n ,  was f i l t e r e d  o f f .
The f i l t r a t e ,  when c o ld ,  was e x t r a c t e d  w i t h  methy lene  c h l o r i d e  
(2x20 m l ) ,  t o  remove p h e n o l s .  The s o l u t i o n  was th e n  a c i d i f i e d  w i t h  
h y d r o c h l o r i c  a c i d ,  and then  s a t u r a t e d  sodium c h l o r i d e .  The
p r e c i p i t a t e d  b e n z o ic  ac id  was th o r o u g h ly  e x t r a c t e d  w i t h  methy lene  
c h l o r i d e  (4x30 m l ) .  The aqueous l a y e r  was r e j e c t e d  and the  combined
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e x t r a c t s ,  a f t e r  b e ing  dr ied  (anhydrous ca lc ium c h l o r i d e ) ,  were a l low ed  
t o  e vaporate  a t  room tem peratu re .  The r e s id u e  o f  b e n z o i c  a c id  had a 
m .p t .  o f  119-120*C (not  d e p r e sse d  on admixture w i t h  an a u t h e n t i c  
s p e c i m e n ) .
The accuracy o f  t h i s  method was t e s t e d  by c a r r y in g  out the  
procedure  on known amounts o f  b e n z o ic  ac id  when q u a n t i t a t i v e  r e c o v e r y  
was a c h i e v e d .
The to lu e n e  e x t r a c t s  o f  the u n s a p o n i f i a b l e  m a t e r i a l ,  combined 
w i t h  t o lu e n e  washings  o f  the magnesium s u lp h a te  (75 m l ) ,  were reduced  
t o  70 ml by d i s t i l l a t i o n  through a 25 cm column. The s o l u t i o n  was 
poured on t o  an alumina column (2x25 cm) and e l u t e d  s u c c e s s i v e l y  w i th  
t o lu e n e  (100 ml) and e t h e r  (100 m l ) .
Ether  and t o lu e n e  were removed from the e l u a t e  by d i s t i l l a t i o n  
through the 25 cm column, and the r e s i d u e  (10 ml) was t r a n s f e r r e d  
q u a n t i t a t i v e l y  to  a 25 ml BIO pear -shaped  f l a s k  f i t t e d  w i t h  a s id e  
arm and a f r a c t i o n a l  d i s t i l l a t i o n  head.  The e n t i r e  apparatus  was
weighed b e f o r e  each exper im ent.  Most o f  the remaining s o l v e n t  was
removed by d i s t i l l a t i o n  at  reduced p r e s s u r e  (25 mm). The dark r e s id u e  
was d i s t i l l e d  over  a metal  bath  (150°C) a t  a p r e s s u r e  o f  about 0 .2  mm. 
The bu lk  o f  the b i a r y l s  d i s t i l l e d  over  a t  a temperature  o f  126-128*C  
The l a s t  t r a c e s  o f  b i a r y l s  were d i s t i l l e d  i n t o  the r e c i e v e r  by r a i s i n g  
the  temperature o f  the bath t o  170®C and c a u t i o u s l y  warming the  f l a s k
w i t h  a naked f lam e .  At t h i s  s t a g e ,  a smal l  drop o f  dark red m a t e r i a l
remained on the thermometer b u lb .  The p a r t l y  s o l i d  b i a r y l  f r a c t i o n  
was we ighed and r e d i s t i l l e d .  In not  a s i n g l e  ca se  was more than a 
t r a c e  o f  s o l v e n t  or any co lo ured  m a t e r i a l  o b t a in e d  on the  second  
d i s t i l l a t i o n .  The w e ight  o f  the r e s id u e  was o b t a in e d  by w e igh ing  the
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apparatus  a f t e r  the f i r s t  d i s t i l l a t i o n  and s u b t r a c t i n g  the w e ig h t  of  
the c l e a n  a p p a r a tu s .  Attempts to  i d e n t i f y  the i n d i v i d u a l  components  of  
the r e s i d u e  were u n s u c c e s f u l  except  f o r  the d e t e c t i o n  o f  p - t e r p h e n y l .
The p r e s e n c e  o f  each isomer and t h e i r  approximate r a t i o s  were  
demonstrated  in  the f o l l o w i n g  manner; a mixture  o f  p h e n y l p y r i d i n e s  
( 2 . 5  gm), d i s s o l v e d  i n  e th a n o l  (10 m l ) ,  was added t o  a h o t  s o l u t i o n  
o f  p i c r i c  a c id  ( 2 . 9  gm) in e thano l  (38 m l ) .  The m ixture  was he a ted  
to  b o i l i n g  and f i l t e r e d  h o t .  The r e s id u e  was f r a c t i o n a l l y  
c r y s t a l l i s e d  from ace tone  and y i e l d e d ,  f i r s t ,  4 - p h e n y I p y r id in e  p i c r a t e  
in y e l l o w  n e e d l e s  (m.p t .  196°C; l i t .  m .pt .  1 9 5 - 1 9 6 ° C * ) ,  and then  
the p i c r a t e  o f  2 - p h e n y l p y r id i n e  in y e l l o w  pr isms (m .p t .  176°C ; l i t .  
m .p t .  175“ 176°C**®) . Evaporat ion  of  the f i l t r a t e  and c r y s t a l l i s a t i o n  
o f  the r e s i d u e  from ac etone  gave 3 - p h e n y I p y r id in e  p i c r a t e  i n  f e a t h e r y  
y e l l o w  n e e d l e s  ( m .p t .  160°C; l i t .  m .p t .  159-160*C***) .
The above methods were slow and i n a c c u r a t e ,  e s p e c i a l l y  i n  the
e s t i m a t i o n  o f  the isomer r a t i o s  o f  the p h e n y l p y r i d i n e s . Quicker and 
more a c c u r a te  r e s u l t s  were obta in ed  by g . l . c .
Nine f e e t  g l a s s  ( s i l a n i s e d )  columns o f  i n t e r n a l  d iam eter  0 . 2 5  in
were used in  the a n a l y s i s .  A 1% F .F .A .P .  (on chromosorb Q 100-120
mesh) column was found t o  be the most s u i t a b l e  f o r  the a n a l y s i s  o f  
p h e n y l p y r i d i n e s .  A 2% P.E.G.A.  on c e l i t e  545 (AW) column was found  
t o  be the most s u i t a b l e  f o r  a n a l y s i s  o f  the p h e n y l d i a z i n e s .
Both columns were i n i t i a l l y  p r e s s u r e  packed (35 p . s . i . )  under
n i t r o g e n ,  prebaked a t  50®C f o r  four h ou r s ,  at  150°C f o r  a f u r t h e r  s i x  
hours and a t  185®C f o r  a f u r t h e r  f o u r t e e n  hours .  No column b l e e d i n g  
was apparent  a t  the end o f  t h i s  t re a t m e n t .  The columns were purged  
w ith  n i t r o g e n  (oxygen f r e e )  and s e a l e d  b e f o r e  s t o r a g e .
D . l
DISCUSSION
D . 1 . 1
Ihe_deconi2 o s i t i o n _ o f _ b e n z o j l _ p e r o x i d e _ i n _ p y r i d i n e ^
Only b i p h e n y l ,  2 - ,  3 - ,  and 4 - p h e n y l p y r id i n e s  and b e n z o ic  ac id  
were d e t e c t e d  ( g . l . c . ) .
However, no b ip h e n y l  was d e t e c t e d  in the exper iments  i n c lu d in g  
a d d i t i v e s .  Although p r e v io u s  workers*** have reported  the p r e s e n c e  o f  
b i p y r i d y l  in t h e i r  r e a c t i o n  m ix tures  on the b a s i s  o f  (a)  a r o s e - r e d  
c o l o u r a t i o n  formed on trea tm ent  o f  the p h e n y lp y r id in e  m ix ture  w i th  
f e r r o u s  s u l p h a t e  and (b) the high  n i t r o g e n  c o n t e n t  o f  the  
p h e n y l p y r i d in e  f r a c t i o n ,  we have found no ev id ence  f o r  t h i s  p r o d u c t .  
The r o s e - r e d  c o l o u r a t i o n  g i v e n  by 2 , 2 ' d i p y r i d y l  wi th  f e r r o u s  s u l p h a t e  
i s  s i m i l a r  to  the c o lou r  g i v e n  by a mixture of  pure 2 -  and
3 - p h e n y l p y r i d i n e s  w i t h  f e r r o u s  s u l p h a t e .  The i n f r a  red s p e c t r a  o f  the  
2 , 2 ' d i p y r i d y l - i r o n  complex and p h e n y l p y r i d i n e - i r o n  complexes are a l s o  
v e r y  s i m i l a r .
The isomer r a t i o s  ob ta in ed  vary  s l i g h t l y  from p r e v io u s  f i n d i n g s ,  
g i v i n g  a h i g h e r  p e r c e n ta g e  o f  4 - p h e n y l p y r i d i n e .
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Erpt.
no.
Additive Phenylpyr id ine 
yield (gm)
Isomer distribution Benzoic acid 
yield (gm)
Total*
yield
%
o- m~ 2-
1 none 2.97 48.2 33.5 18.3 - 2.60
2 2.85 47.6 33.8 18.6 2.75
3 f  I 2.75 48.4 33.8 17.8 2.44
ave f  9 2.84 48.1 33.7 18.2 2.59 91.16
4 CopperII 1.96 47.2 34.8 18.0 3.58
5 9 9 2.23 46.6 34.9 18.5 3.58
6 9 9 2.12 47.3 34.3 18.4 3.42
ave 2.10 47.1 34.6 18.3 3.36 94.70
7 Ironlll 1.67 45.3 29.0 25.7 2.28
8 9 9 1.59 45.0 28.4 26.6 2.51
9 9 9 1.45 45.5 29.1 25.4 2.54
ave 9 9 1.57 45.3 28.8 25.9 2.44 69.44
10 2.61 45.6 36.4 18.0 2.63
11 9 9 2.77 46.1 35.3 18.6 2.78
12 9 9 2.75 45.7 37.0 17.3 2.41
ave 9 9 2.71 45.8 36.2 18.0 2.61 89.60
13 P.F.N.B.*** 2.62 47.8 35.3 16.9 3.25
14 2.57 48.9 34.6 16.5 3.23
15 9 9 2.43 48.0 34.9 17.8 2.61
ave 9 9 2.54 48.0 34.9 17.1 3.03 95.03
* Yield with respect to C^ H^ *
*♦ mej^-dinitrobenzene
*** pentaf luoronitrosobenzene
Tkhle X n
The decomposition of  benzoyl peroxide in pyridii^_a
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The f o l l o w i n g  sources  o f  e r ro r  are i n h e r e n t  in  the method o f  
a n a l y s i s  employed:
(1) Methods i n v o l v i n g  p u r i f i c a t i o n  of  the p h e n y l p y r i d in e s  hy reduced  
p r e s s u r e  d i s t i l l a t i o n  s e l e c t i v e l y  remove the l e a s t  v o l a t i l e  i somer ,  
4 - p h e n y l p y r i d i n e ,  ( 2 - p h e n y lp y r i d i n e  133-4®C/2mm., 3 - p h e n y I p y r id in e  
135-6®C/2mm., 4 - p h e n y l p y r id i n e  136-9®C/lmm.)
(2)  Methods i n v o l v i n g  removal o f  e x c e s s  s o l v e n t  by d i s t i l l a t i o n  a l t e r  
the  r e l a t i v e  amounts o f  the p h e n y l p y r i d i n e s .  Apprec iable  q u a n t i t i e s  
(between 7 t o  9 p e r c e n t )  o f  the t o t a l  b i a r y l  f r a c t i o n  are found in  the  
r ecovered  s o l v e n t ,  which i s  p r e f e r e n t i a l l y  enr iched  w i th  2— and
3 - p h e n y l p y r i d i n e s ,  the e x t e n t  o f  which v a r i e s  w i t h  the dryness  o f  the  
s o l v e n t  b e f o r e  d i s t i l l a t i o n .
Our method i n v o l v e s  d i r e c t  ( g . l . c . )  a n a l y s i s  o f  the crude  
r e a c t i o n  product  and avo ids  th e s e  a r t e f a c t s .
V ar ious  workers have rep or te d  the p h é n y l a t io n  of  p y r i d in e  w i thout  
making d e t a i l e d  m e c h a n i s t i c  s t u d i e s .  A bso lute  r a te  c o n s t a n t s  have 
been r e p o r te d  fo r  r e a c t i o n s  o f  pheny l  r a d i c a l s  in  the gas phase  
( -3 0 0 ° C )* 4 * .  De Tar*** has used computer tec h n iq u es  t o  a s s i g n  r a t e  
c o n s t a n t s  t o  the e lem entary  s t e p s  in the  r e a c t i o n  of  benzoy l  per ox id e  
w ith  benzene  [kE(the  r a t e  of  hydrogen a b s t r a c t i o n  by phenyl  r a d i c a l s )  
= 2 X 10^ M“ ^s“ ^, kPhE(the r a t e  o f  a d d i t i o n  o f  phenyl  r a d i c a l s  t o  
benzene)  = 2 x 10^ M“ ^s” ^ ] .  Recent v a l u e s  ob ta in ed  by Kryger e t  al***  
(kH = 3 . 3  X 1Q5 M~^s“ ^, kPhH = 10 .3  x 10^ M“ ^s“ ^) are e s t i m a t e d  t o
g i v e  a p r e c i s i o n  o f  about + 50%. The v a l u e s  ob ta in ed  by Pausacker  are  
p robab ly  low due t o  t h e i r  as sumption o f  low v a l u e s  f o r  r a te  c o n s t a n t s  
o f  r a d i c a l - r a d i c a l  r e a c t i o n s ,  e . g . ,  1 x 10^ f o r  a l k y l - a l k y l
com b in a t ion ,  fo r  which v a l u e s  o f  0 . 4  t o  ~ 3 x 10^ have s in c e  been  
measured**?»*?*.
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A r e a c t i o n  scheme analogous t o  th a t  determined f o r  the d e c om p os i t ion  
o f  b e n z o y l  p e r o x id e  in benzene can be p o s t u l a t e d .
(PhCO O ' ) ,
PhCO'O
Ph
Ph H
> <
I ■ I
S K
+ isomers
(16a> ZPhCO'O
(16b)
*  ^ + isomers (100)
+ isomers (101)
PhCO'O PhCO•OH
Ph H><
(  ■ I
S K
products  o f
+ isomers -----------) d i m é r i s a t i o n  and
d i s p r o p o r t i o n a t i o n
(102)
Scheme XV
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Compounds o f  the  type C ,B ,C ,H ,N  C,E,N C ,H , , are formed during  
the  r e a c t i o n  o f  benzoy l  perox id e  w i th  p y r i d i n e .  This  i s  s i m i l a r  to  
the  f o rm a t io n  of  quaterphenyl  from the r e a c t i o n  o f  b e n z o y l  perox id e  
w it h  benzene** and of  d i s u b s t i t u t e d  quaterphenyIs  from s u b s t i t u t e d  
b e n z o y l  p e r o x i d e s  and benzene** .
The above scheme however, can on ly  ach ieve  a maximum t h e o r e t i c a l  
y i e l d  o f  b e n z o i c  a c id  o f  one mole per  mole o f  b enzoy l  p e r o x i d e .  Since  
the y i e l d s  o f  b e n z o i c  ac id  observed are c o n s i s t e n t l y  h i g h e r  than t h a t  
p e r m i t t e d  by Scheme XV, some mechanism whereby b e n z o ic  ac id  may be 
formed w i t h o u t  the concomitant  product ion  o f  p h e n y l p y r i d in e s  must be 
p r e s e n t .
Though a d e t a i l e d  q u a n t i t a t i v e  study has not  been done on the  
d e c o m p o s i t io n  o f  b e n z oy l  perox id e  in  p y r i d in e  i t  has been found t h a t ,  
under the same c o n d i t i o n s ,  77.3% o f  the benzoy l  per ox id e  d i s s o l v e d  in  
p y r i d i n e  decomposed when on ly  15.5% o f  the  perox id e  decomposed in  a 
s i m i l a r  s o l u t i o n  i n  benzene**.
Pausacker***  a t t r i b u t e d  the a c c e l e r a t e d  d e c om p os i t ion  o f  b enzoy l  
p e r o x id e  in  p y r i d i n e  to  secondary mechanisms which compete w i th  
i t s  h o m o ly s i s  ( e q u a t i o n s  93 and 1 0 3 -1 0 5 ) .  I t  was su g g e s te d  t h a t  the  
r e a c t i o n  went accord ing  t o  (a)  Scheme X I I I ,  the n e t  r e a c t i o n  b e ing :
C,H,N + (PhCO,),  ---------- > C.H.NO + ( P h C 0 , ) ,0  (93)
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and (b) Scheme XVI :
CjHjN: + (PhCO,) ,  -------------> CgHgN^ + PhCO," + PhCO,- (103)
+ PhCO,- -----------> C,E,N- + PhCO^H (104)
2C,E,N'  > (C;E,N) ,  (105)
Scheme XVI
I l i e _ in d u c e d _ d e c o ^ o s i t i o n _ o f _ b e n z o y l _ p _ e r o x i d e _ i n _ p y r i ^ n e ^
and were used to  e x p l a i n  the h igh  y i e l d  o f  b e nzo ic  ac id  obta in ed  in  
p y r i d i n e .
S i m i l a r  mechanisms have been sugge s te d  to  e x p l a in  the high  y i e l d  
o f  b e n z o i c  ac id  in  4-me thyIpyr id ine ( 1 ,32mole/mole p e r o x i d e ) ,  in  
comparison w i t h  the y i e l d  in  m ix tures  o f  4 - m e t h y lp y r id in e  and benzene  
( 0 . 3 4  mole /mole  p e r o x id e )* ® .  The f o l l o w i n g  scheme can l ead  to  vary in g  
amounts o f  b e n z o i c  ac id  be ing  formed from one mole of  b enzoy l  p e r o x id e  
depending upon i t s  mode of  form at ion .
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(PhCO'O')  2
- 4 6 8 8 . 3 6 4 0  e . v .
Cu ( I I )
Î 2PhC0 ' 0 '
I - 2 3 5 7 . 3 4  e . v .
C5 H5 N:
\C5H5N— >0*. + (PhCO'O')  2O
C5H5N;
PhCO'O"
C5h5Nt + PhCO'O" •• \
H2 O
CO2
\  2PhC0 ' 0H
Ph'
- 1 2 1 4 . 1 6  e . v .
PhCO-OH + \C 5 H 4 N -
O . O
- 1 2 3 0 . 5 1  e . v .  - 1 3 2 5 . 4 4  e . v . - 1 2 3 0 . 5 1  e . v .  - 1 3 2 5 . 4 4  e . v .
H
- 2 4 6 1 . 0 4  e . v .
" i
- 2 5 5 7 . 5 9  e . v .  - 2 5 5 6 . 4 8  e . v .  - 2 6 5 3 . 2 3  e . v .
i
o
o
o
o o
- 2 4 2 2 . 3 7  e . v . - 2 . 5 1 7 . 0 5  e . v .  
Scheme XVII
- 2 6 1 2 . 1 8  e . v .
T h e  d é c o m p o s i t i o n  o f  b e n z o y l  p e r o x i d e  I n  m i x t u r e s  o f  p y r i d i n e  a n d  b e n z e n e
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Evidence for  the form at ion  o f  pyr id in e~N~oxid e  has been g i v e n  by 
P a n s a c k e r i i *  and Hey and Walker^®» bnt conld not  be v e r i f i e d  by n s ,  as 
p y r i d i n e - N - o x i d e  i s  not  d e t e c t a b l e  by onr g . l . c .  columns.  Though 
water  was exc lu d ed  from the r e a c t i o n  mixture during the i n c u b a t io n ,  
the rapid r a t e  o f  h y d r o l y s i s  o f  b e n z o ic  anhydride in  p y r i d i n e ^ ’ * would 
enable  the anhydride to  be c onver ted  t o  b e n z o ic  ac id  by the uptake of  
water  by the r e a c t i o n  mixture p r i o r  to  the g . l . c .  a n a l y s i s .  The part  
o f  the scheme corresponding  to  Scheme XVI i n v o l v e s  the form at ion  of  
e i t h e r  b i p y r i d y l  or p h e n y l p y r i d i n e s .  Since  the s t a t i o n a r y  
c o n c e n t r a t i o n  of  p y r i d i n y l  r a d i c a l s  should be low ( th e  e x i s t e n c e  o f  
s i g n i f i c a n t  cage e f f e c t s  in th e s e  systems has been d i s c o u n te d ^ * * ) ,  i t  
i s  more l i k e l y  t h a t  p y r i d i n y l  r a d i c a l s  w i l l  r e a c t  w i th  s o l v e n t  
m o le c u l e s  and l ead  t o  the corresponding  s igma— complexes .  The f a c t  
t h a t  b ip h e n y l  i s  on ly  formed in  one s e t  o f  exper iments  (exper iments
1 - 3 )  and then  on ly  in  very  smal l  amounts (2 .6 m g.)  a l s o  argues a g a i n s t  
the p r esen ce  o f  s trong  cage e f f e c t s .
I t  i s  i n t e r e s t i n g  to  note tha t  a t t a c k  o f  benzene by p y r i d i n y l  
r a d i c a l s  l e a d s  to  a s igma-complex (VIII)
o
( V I I I )
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which i s  d i f f e r e n t  from the sigma—complex (VII)
H
formed by a t t a c k  o f  phenyl  r a d i c a l s  on p y r i d i n e ,  though subsequent  
o x i d a t i o n  o f  both l e a d s  to  p h e n y l p y r i d i n e s .  The b i a r y l  isomer formed 
in the case  o f  a t t a c k  of  benzene by p y r i d i n y l  r a d i c a l s ,  w i l l  depend 
upon which i som e r ic  p y r i d i n y l  r a d i c a l  i s  a t t a c k i n g  benzene ,  whereas in  
the case  o f  a t t a c k  o f  p y r i d i n e  by phenyl  r a d i c a l s  i t  w i l l  depend upon 
which p o s i t i o n  o f  the p y r i d i n e  m o le c u le  the r a d i c a l  a t t a c k s .  
S e l e c t i v i t y ,  t h e r e f o r e ,  w i l l  be determined during the hydrogen  
a b s t r a c t i o n  s tep  in the former c a s e ,  whereas i t  w i l l  be determined  
during the form at io n  of  the s igma-complex  in  the l a t t e r  c a s e .
INDO** * C a l c u l a t i o n s  (appendix)  show t h a t  the d e c om p os i t ion  o f  
b e n z oy l  per ox id e  to  g i v e  two m o le c u le s  o f  b e n z o y lo x y  r a d i c a l s  
( r e a c t i o n  1) i s  endothermie  by 7 .2 3  e . v .  w i th  r e s p e c t  t o  the induced  
d e c o m p o s i t io n  by p y r i d i n e  ( r e a c t i o n s  3 and 5 ) .  The form at ion  o f  
r a d i c a l ( V I I I )  ( e q u a t i o n  9) i s  more exoth erm ic  than the form at ion  o f  
r a d i c a l ( V I I )  ( e q u a t i o n  8) by 17 .2 7  e . v .  The form at io n  o f  
4 - p h e n y l p y r id i n e  v i a  r a d i c a l ( V I I I )  ( e q u a t i o n  13) i s  a l s o  more 
exoth erm ic  ( 1 .1  e . v . )  than i t s  form at ion  v i a  r a d i c a l ( V I I )  ( e q u a t i o n
1 2 ) .  At tack  o f  benzene  by 4 - p y r i d i n y l  r a d i c a l s  should  t h e r e f o r e  more 
r e a d i l y  lead to  b i a r y l  form at io n  than the a t t a c k  o f  phenyl  r a d i c a l s  on 
the 4 - p o s i t i o n  o f  p y r i d i n e .  In c o m p e t i t i v e  e x p e r im e n t s ,  t h e r e f o r e ,  
scheme XVI would be more important  than scheme XV l e a d in g  t o  g r e a t e r  
b i a r y l  y i e l d s .  In r e a c t i o n s  where pure p y r i d i n e  i s  the  s o l v e n t ,  a t t a c k  
o f  p y r i d i n e  by p y r i d i n y l  r a d i c a l s  w i l l  l ead  to  b i p y r i d y l s  and the
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c orrespond ing  products  o f  d i m é r i s a t i o n  and d i s p r o p o r t i o n a t i o n  o f  the  
s ig m a - c o m p l e x e s . R e a c t io n s  o f  pheny l  and p y r i d i n y l  r a d i c a l s  i n v o lv i n g  
r a d i c a l - r a d i c a l  a t t a c k  l e a d in g  to  b i a r y l  form at ion  w i l l  be n e g l i g i b l e  
dne to  the low s t a t i o n a r y  c o n c e n t r a t i o n  o f  t h e s e  r a d i c a l s  and the  
absence  o f  s i g n i f i c a n t  cage e f f e c t s .
The form at ion  of  3 ~ , 4 ' - b i p y r i d y l  from r a d i c a l  IX ( r e a c t i o n  14) i s  
exotherm ic  by 1 .6 1  e . v .  w i th  r e s p e c t  t o  the form at io n  o f  
4 - p h e n y l p y r i d i n e  from r a d i c a l  V III  ( r e a c t i o n  1 3 ) .  On thermodynamic  
gronnds ,  t h e r e f o r e ,  b i p y r i d y l  shonld  be formed bo th  in  c o m p e t i t i v e  
e x per im en ts  where benzene i s  p r e s e n t  and a l s o  in  pnre p y r i d i n e .  We 
have ,  however,  f a i l e d  to  d e t e c t  any b i p y r i d y l  in  onr r e a c t i o n  p roduct s ,
N i t ro s o b e n z e n e  and n i t r o x i d e s  in  g e n e r a l  are w e l l  known r a d i c a l  
s c a v e n g e r s ^ * * .  P y r i d i n e - N - o x i d e , by sc aven g in g  p y r i d i n y l  r a d i c a l s  can 
p r e v e n t  the r a d i c a l  from forming b i a r y l s .  The absence  o f  b i p y r i d y l  
s u g g e s t s  t h a t  b i a r y l  form at ion  tak e s  p l a c e  e n t i r e l y  accord in g  to  
Scheme XV.
I t  i s  i n t e r e s t i n g  to  note  t h a t  s in c e  the t o t a l  y i e l d s  have been  
e v a l n a t e d  in  terms of  the t h e o r e t i c a l  maximum y i e l d s  o f  pheny l  
r a d i c a l s ,  d i v e r s i o n  of  s i g m a - r a d i c a l s  or b i a r y l s  d e r iv e d  from phenyl  
r a d i c a l  a t t a c k  would a f f e c t  the o v e r a l l  y i e l d s  whereas the d i v e r s i o n  
o f  the correspond ing  products  d e r iv e d  from p y r i d i n y l  r a d i c a l  a t t a c k  
would l e a v e  the y i e l d s  u n a f f e c t e d .  D i v e r s i o n  of  t h e s e  l a t t e r  pr oduc t s  
c o u l d ,  t h e r e f o r e ,  s t i l l  l ead  to  the h ig h  y i e l d s  o f  p h e n y la ted  
d e r i v a t i v e s  observed  and cou ld  l e a d  t o  y i e l d s  g r e a t e r  than 100%, as  
c a l c u l a t e d  on the b a s i s  o f  t o t a l  b e n z o y l  p e r o x id e  used  (where benzene  
i s  used as a c o - s o l v e n t ) .  The fo rm a t io n  o f  p h e n y l p y r i d i n e s  or o t h e r  
d e t e c t a b l e  p r o d u c t s  c o n t a in i n g  phenyl  d e r i v a t i v e s  a r i s i n g  from a t t a c k  
o f  p y r i d i n y l  r a d i c a l s  on benzene ( r e a c t i o n  9 and 13) w i l l  l ead  t o  an
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apparent  i n c r e a s e  in  y i e l d s .  However, s i n c e  r e a c t i o n  (9)  i s  pre ve n te d  
by scaven g ing  o f  p y r i d i n y l  r a d i c a l s  by p y r i d i n e ~ N - o x i d e , th e s e  
c o m p l i c a t i o n s  do not  a r i s e ,  and the y i e l d  de termined  on the b a s i s  o f  
the  t h e o r e t i c a l  y i e l d  o f  phenyl  r a d i c a l s  from b e n z o y l  p e r o x id e  i s  
s t i l l  v a l i d .
D . 1 . 1 . 1
3 ^ e _ e f  f e c ^  o f  ox i d i s i n g  ag e n t s on t h e  d e c o m p o s i t io n  o f  b e n z o y l
p e r o x i d e _ i n  .p y r id in e^
I t  was h e ld  t h a t  o x i d i s i n g  a g e n t s  such as n i t r o -  compounds**'^**,  
metal  b e n z o a t e s * * a n d  oxyge n * * * * ' ,  p a r t i c i p a t e  in  the  
d e c o m p o s i t io n  o f  b e n z oy l  per ox id e  in  a number o f  aromat ic  s o l v e n t s .  
In the f o l l o w i n g  scheme s t e p s  (d) and (g)  i n v o l v e  such i n t e r a c t i o n s :
(PhCO O ' ) ,   > 2PhC0'0-
PhCO'O- -----------> Ph- + CO,
Ph" -I- Ar —  --------> [PhArH] •
[PhArH]• + o x i d i s i n g ------------ > PhAr
agent
2 [PhArH]-  > (PhArH),
2 [PhArH]------ ----------- > PhAr + PhArH,
PhArH, + o x i d i s i n g  -----------> PhAr
agent
(a)
(b)
( c )
(d)
(e)
( f )
(g)
Scheme XVIII
♦The e f f e c t  o f  oxygen has s in c e  been  r e f u t e d  in  the d e c o m p o s i t io n  o f  
b e n z o y l  p e r o x id e  in  benzene**
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In the absence o f  any e x t e r n a l  a g e n t ,  the o x i d i s i n g  a ge n t s  could  
be b e n z oy l  p e r o x id e  or the b enzoy loxy  r a d ica l* ® .
The s t o i c h i o m e t r i c  form o f  s t e p  (d) i s :
[PhArH] • + o x i d i s e d  ------------- > PhAr + H^  + reduced
form o f  O.A. form o f  O.A.
O.A. s tan ds  f o r  o x i d i s i n g  agent
The redox p o t e n t i a l  f o r  the h a l f  r e a c t i o n s  i n v o lv e d  in  t h i s  s t e p  
have not  been determined  e x p e r i m e n t a l l y ,  but  the redox p o t e n t i a l s  
c a l c u l a t e d  by INDO'** methods fo r  the b i p h e n y l / s ig m a - c o m p le x  and the  
known o x i d i s i n g  a g e n t s  are g i v e n  below:
BiphenjT + H^  + e - -------- > Pherylcyclohexadienyl E = -38.67 e.v.
radical
Benzoyl peroxide + H^  e -  -------- > Benzoic acid E = -33.54 e.v.
+ benzoyloxy radical
Benzoyloxy radical + H e- -------- > Benzoic acid E = -  7.23 e.v.
The v a l u e s  ob ta in ed  are a b s o l u t e  thermodynamical ly  and cannot be  
d i r e c t l y  compared w i th  E® v a l u e s  which are r e l a t i v e  t o  the hydrogen  
e l e c t r o d e .  The f a c t  t h a t  t r a n s i t i o n  metal  complexes  ( i n  t h e i r  
o x i d i s e d  form ) ,  n i t r o  and n i t r o s o  compounds i n c r e a s e  the y i e l d  o f  
b ip h e n y l  in  the p h é n y l a t i o n  o f  benzene by b e n z oy l  p e r o x i d e ,  s u g g e s t s  
t h a t  the redox p o t e n t i a l s  o f  th e se  c o u p le s  are lower  (more p o s i t i v e )  
than t h a t  o f  the b e n z o y lo x y  r a d i c a l  /  b e n z o ic  ac id  c o u p l e .
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The v a l u e s  f o r  the h i a r y l / s i g m a  couple  f o r  the p y r i d in e  system  
have been  s i m i l a r l y  c a l c u l a t e d .  I t  was g e n e r a l l y  not  p o s s i b l e  t o
c a l c u l a t e  the redox p o t e n t i a l s  o f  the o x id a n t s  norm ally  p r e s e n t  in  
t h e s e  sys tem s  as t h e i r  e xac t  nature  i s  not  known, but the h ig h  y i e l d  
o f  p h e n y l p y r i d i n e s  in  the decom p os i t ion  o f  b e n z oy l  pe r ox id e  in  
p y r i d i n e  means t h a t  the p o s i t i o n s  o f  th e se  o x i d a n t s  in  the  redox  
p o t e n t i a l  t a b l e  must be lower than t h a t  o f  the o x i d a n t s  p r e s e n t  in  
b e n z e n e .
The v a l u e s  ob t a in e d  from our c a l c u l a t i o n s  are g i v e n  in  the  
f o l l o w i n g  t a b l e .
4“pheiylpyridine + + e- ------> Sigma-radical E = -40.55 e.v.
-ve 2-phenylpyridine + h'*’ + e- Sigma-radical E = -40.10 e.v.
3-phenylpyridine + + e- ------> Sigma-radical E = -39.58 e.v.
biphenyl + h'^ + e- ----- > Sigma-radical E = -38.67 e.v.
E benzoyl peroxide + + e- Benzoic acid 
+ benzoylo^ 
radical
E = -33.54 e.v.
■+ve benzoyloxy rad. + h ' + e- ------> Benzoic acid E = -  7.23 e.v.
Ph,hH)- + + e- Ph,NOH E = + 5.98 e.v.
Table u n
We have taken the d ipheny l  n i t r o x i d e  as a model for  the r e a c t i v e  
s p e c i e s  o f  n i t r o  and n i t r o s o  compounds in  g e n e r a l .
2+ +
The s tandard e l e c t r o d e  p o t e n t i a l s  f o r  the Cu / Cu and the
3+ 2 +Fe /Fe  c o u p l e s  are:
Cu^  +  y Cu E®= + 0.15 e .v .
+ e-   > Fe^  ^ E®= + 0.77 e.v.
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A s s o c i a t i o n s  between b enzoy l  perox id e  and p y r i d in e  has p r e v i o u s l y  
been s u g g e s t e d * ! * , * * .  Benzo ic  ac id  forms s trong  a s s o c i a t i o n s  w i t h  
p y r i d in e  under our r e a c t i o n  c o n d i t i o n s ' * .  These f a c t o r s  a f f e c t  the  
redox p o t e n t i a l s  o f  th e se  o x i d i s i n g  agents  in  p y r i d i n e .
D . 1 . 1 . 1 . 1
The e f f e c t o f  Copp e r ( I l ) b e nzoa te
Even in  the absence o f  a d d i t i v e s ,  the y i e l d  o f  r e s i d u e s  i s  low
and t h a t  o f  b i a r y l s  i s  h i g h ,  so c o p p e r ( I I )  has l e s s  scope in  which t o
a s s i s t  the o x i d a t i o n  of  s i g m a - r a d i c a l s  t o  b i a r y l s  in  t h i s  system. A
p o s s i b l e  mechanism a p p l i e d  t o  p y r i d in e  fo r  the c a t a l y s i s  by copper?*
drawn by ana logy  t o  the r e a c t i o n  in(PhCO‘(j^  i s  g i v e n  be low.
Ph ' CO • 0 P h  ■ P h
Scheme VII
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The n e t  r e a c t i o n  o f  Scheme VII b e in g :
PhCO'O" + [ArPhH]• ---------- > P h - CO - OH + ArPh
Reid and Kovacic*** have s u g g e s te d  t h a t  c o p p e r ( I I )  complexes w i th  
b e n z o y lo x y  r a d i c a l s .  The complex i s  s a id  t o  have a s t a b i l i s i n g  e f f e c t  
on the r a d i c a l .  As a r e s u l t  the s t a t i o n a r y  c o n c e n t r a t i o n  o f  t o t a l  
b e n z o y lo x y  r a d i c a l s  (complexed and uncomplexed) i n c r e a s e s ,  but  t h a t  o f  
f r e e  ben z o y lo x y  r a d i c a l s  (and hence phenyl  r a d i c a l s )  i s  d e c r e a s e d .  
T h e o r e t i c a l l y ,  a maximum o f  one mole o f  b e n z o ic  a c id  and one mole o f  
b i a r y l  can be formed from one mole o f  b e n z o y l  p e r o x id e  accord ing  to  
Scheme XV. However, i f  the induced d e c o m p o s i t io n  by p y r i d i n e  (Scheme 
XVI and SchemeVIII) i s  c o n s id e r e d .  Scheme V III  can l e a d  to  two moles  
o f  b e n z o i c  ac id  per  mole o f  b e n z oy l  p e r o x id e  prov ided  b e n z o ic  
anhydride can be h yd r o ly sed  b e f o r e  the f i n a l  a n a l y s i s ,
(Ph'CO O ) ,  -H C,H,N + HjO ---------- > 2Ph"C0'0H + C^HjNO (106)
and Scheme XVI can lead  to  two moles  o f  b e n z o i c  ac id  and one mole o f  
b i a r y l  pe r  mole o f  benzoy l  p e r o x id e  prov ided  b e n z oy l  p e r o x id e  can 
r e a c t  w i th  the sigma r a d i c a l s  b e f o r e  decomposing t o  pheny l  r a d i c a l s  
and carbon d i o x i d e .  S t a b i l i s a t i o n  o f  b e n z o y l o x y  r a d i c a l s  would reduce  
t h i s  d e c o m p o s i t io n .
(Ph CO'O ) ,  + C,H,N ArH  > 2Ph'C0 0H + C,H,N-Ar (107)
However, s i n c e  p y r i d i n e - N - o x i d e  ( S e c t i o n  D . 1 . 1 )  p r e v e n t s  the  
f orm at ion  o f  b i a r y l s  formed by a t t a c k  o f  p y r i d i n y l  r a d i c a l s  on the  
a r e n e s .  Scheme XVI would on ly  y i e l d  one mole o f  b e n z o i c  a c id  and no 
b i a r y l  from one mole o f  b e n z o y l  p e r o x i d e .  The phenyl  group in  the
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p h e n y l p y r i d i n e s  formed by Scheme XVI would o f  course  come from the  
s o l v e n t  and not  from benzoy l  p e r o x id e .
S t a b i l i s a t i o n  o f  b e nzoy loxy  r a d i c a l s  would in c r e a s e  the r a t e s  o f  
r e a c t i o n s  1 and 3 but reduce the r a t e  o f  r e a c t i o n  4 .  I f  ben z o y lo x y  
r a d i c a l  was made super s t a b l e ,  however,  th e re  would be no b i a r y l  
f o rm a t io n .
I t  appears t h e r e f o r e  t h a t  c o p p e r ( I l ) b e n z o a t e  a i d s  r e a c t i o n s  1 and 
3 but the s t a b i l i s a t i o n  o f  benzoy loxy  r a d i c a l s  i s  not  s u f f i c i e n t  t o  
p r e v e n t  i t s  d e c om p os i t ion .  Hence Scheme XVI becomes more important  
than Scheme XV i n  the presen ce  o f  c o p p e r ( I I ) b e n z o a t e . The b e n z o y lo x y  
r a d i c a l  formed by r e a c t i o n s  1 and 3 r e a c t s  accord ing  to  Scheme XV 
and i s  not  i n v o lv e d  in  r e a c t i o n s  13 and 14.  Since  Scheme XVI g i v e s  a 
maximum y i e l d  o f  1 .5  moles  o f  b e n z o ic  ac id  and 0 .5  moles  o f  b i a r y l  
when r e a c t i o n s  9 and 10 are not  invo lved:
2(PhC0 O ' ) ,  -K 2C;H,N + A r H  > 3PhC0 0H + 2C,H,N'+ ArPh + CO, (108)
an o v e r a l l  i n c r e a s e  o f  b e n z o ic  ac id  y i e l d  and a d e c r ea s e  o f  b i a r y l  
y i e l d  i s  observed  in  the presen ce  o f  c o p p e r ( I I ) b e n z o a t e .
D . 1 . 1 . 1 . 2
T h e _ e f f e c t _ o f _ I r o n i I I I l b e n z o a t e ^
A p o s s i b l e  o x i d a t i v e  c a t a l y s i s  by i r o n ( I I I ) b e n z o a t e  could f o l l o w  
a s i m i l a r  mechanism to  t h a t  sugges ted  f o r  c o p p e r ( I I ) b e n z o a te  (Scheme 
V I I ) .  However, the high y i e l d s  o f  b i a r y l  s u g g e s t  t h a t  the o x i d i s i n g  
a g e n t s  a l r e a d y  p r e s e n t  in  the system are w e l l  down the  EMF t a b l e  (more
Page D-17
p o s i t i v e  v a l u e s ) ,  the  s i m i l a r i t y  between the Cn^^/Cn* and Fe^^/Fe^^ 
couple  f r e e  e n e r g i e s  then imply t h a t  i r o n ( I I I )  i s  i n e f f e c t i v e  as a 
c a t a l y s t .
G r i t t e r  and Godfrey*®* have shown th a t  p y r i d in e  complexes w i th  
i r o n ,  and a number of  o ther  metals  showed enhanced r e a c t i v i t y  to  
a t t a c k  in  the 4 - p o s i t i o n  o f  p y r id in e  in  a l l  c a s e s  ( exc e p t  n i c k e l )  and 
in  the 2- p o s i t i o n  in most ca s es  ( s e c t i o n  1 . 3 . 1 . ) .  Iron  a l s o  forms 
complexes w i t h  p h e n y l p y r i d in e s  r e a d i l y  ( s e c t i o n  D .1 . 1 )  and i ro n  
d i p y r i d y l  complexes  are known***.
The m o le c u l a r  o r b i t a l  (MO) theory  ( S e c t i o n  D.16)  can be used to  
p r e d i c t  the r e a c t i v i t i e s  o f  the v a r io u s  p o s i t i o n s  in  p y r i d i n e .  In  
g e n e r a l  the r e a c t i o n s  o f  aromatic  s p e c i e s  w i l l  be c h a r g e -  or 
o r b i t a l - c o n t r o l l e d  in  view o f  the e x t e n s i v e  i n t e r a c t i o n  w i t h  the  
n -  system** * .
Though charge d e n s i t i e s  p r e d i c t  tha t  the odd e l e c t r o n  w i l l  a t t a c k  
the o - p o s i t i o n  more r e a d i l y  than the p - p o s i t i o n  (q2=3 .8212 ,  
q 4 = 3 .9 0 7 4 ) ,  the  c o e f f i c i e n t  for  the low est  unoccupied m o le c u la r  
o r b i t a l  (LUMO) i s  g r e a t e r  a t  the p - p o s i t i o n  ( c4=0 .5519)  than a t  the  
p - p o s i t i o n  ( c 2 = 0 . 3 6 3 2 ) .  This  means th a t  r e a g en ts  which i n v o lv e  
c o m p le x a t io n  w i th  the n-system  r e a c t  in the p - p o s i t i o n ,  w h e r e a s ,  
r e a g e n t s  which e x p e r ie n c e  a la rg e  Coulombic ( e l e c t r o s t a t i c )  
i n t e r a c t i o n  tend t o  r e a c t  in  the p - p o s i t i o n  ( S e c t i o n  D . 1 6 . 5 ) .
Complexation o f  i ron  w i th  p y r id in e  i n c r e a s e s  the r e l a t i v e  
r e a c t i v i t y  o f  the p—p o s i t i o n  in p y r id in e  (Table X I I ) .  S i m i l a r  
c o n s i d e r a t i o n s  determine  the almost e x c l u s i v e  form at ion  o f  
4 , 4 ' - d i p y r i d y l  d e r i v a t i v e s  ( e . g .  'paraquat ')  by r e d u c t i o n  v i a  f r e e  
rad ica l s**®  (or  r a d i c a l  a n i o n s ) .
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Pos i t ion
in
pyridine
Cb ef f ic ien t  
of  LTM)
Electron
charge
density
Free
valence
number
L.E.(E.E.)
(A.U.)
L.E.(T.E.)  
(A.U.)
ortho— 0.3612 3.8212 0.4339 -107.7667 -0 .6468
meta- 0.2139 4.0023 0.4211 -106.0592 -0.6254
gara- -0 .5619 3.9074 0.4233 -105.7708 -0 .6610
Theoretical  ind ices of r e a c t iv i t y  o f  the various pos i t ions  
of  pyridine as calculated hy INDO*" methods.
Table XIV
L.E.(E.E. )  = Loca l isa t io n  energy (calculated from e lec tronic  energy) 
L.E . (T .E . ) = Loca l isa t io n  energy (calculated from to ta l  energy)
Though b a c k - d o n a t io n  and o r b i t a l  c o n t r o l  can account  f o r  the  
in c r e a s e d  r e l a t i v e  r e a c t i v i t y  o f  the p - p o s i t i o n  in  p y r i d in e  in the  
p r e s e n c e  o f  i r o n ( I I I ) b e n z o a t e ,  they  cannot  e x p l a i n  the o v e r a l l  
r e d u c t i o n  in  p h e n y lp y r id in e  y i e l d .  I t  i s  p o s s i b l e  t h a t  by complexing  
w i t h  p y r i d i n e ,  i r o n  competes  w i t h  benzoyl  perox id e  f o r  the p y r i d i n e  
n u c l e u s ,  but  s i n c e  on ly  c a t a l y t i c  amounts o f  f e r r i c  be nz oa te  (50mg) 
are p r e s e n t ,  such an e f f e c t  cannot have a s i g n i f i c a n t  e f f e c t  u n l e s s  
the i r o n  complexes ,  in v o lv i n g  p y r i d in e  as l i g a n d s ,  have a h ig h  
c o o r d i n a t i o n  number.
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Since  the form at io n  o f  b i a r y l s  i s  the main source o f  hydrogen f o r  
the form at io n  o f  b e n z o i c  a c i d ,  the r e d u c t i o n  in  the y i e l d s  o f  b i a r y l  
i s  accompanied by a r e d u c t i o n  in  the y i e l d s  o f  b e n z o ic  a c id .
The l o c a l i s a t i o n  energy  (L .E . )  c a l c u l a t e d  from the d i f f e r e n c e  
between the sum o f  the t o t a l  e l e c t r o n i c  e n e r g i e s  o f  the  phenyl  r a d i c a l  
and p y r i d i n e ,  and the t o t a l  e l e c t r o n i c  energy o f  the sigma — complex  
correspond in g  t o  a t t a c k  at  a s p e c i f i c  p o s i t i o n ,  p r e d i c t s  the order  o f  
r e a c t i v i t i e s  to  be o f  the order  2 -  > 4 -  > 3~.  When t o t a l  e n e r g i e s  are
used t o  c a l c u l a t e  the L.E .  (as  indeed they  should b e ) ,  the r e a c t i v i t y
o f  the 3 - p o s i t i o n  i s  p r e d i c t e d  to  be g r e a t e r  than t h a t  for  the
4 - p o s i t i o n .  The d i f f e r e n c e  between t h e se  p r e d i c t i o n s  i s  due t o  the  
g r e a t e r  n u c l e a r  r e p u l s i o n  energy  in  the s igma-complex corresponding  t o  
a t t a c k  at  the 4 - p o s i t i o n .
In p r e v io u s  c a l c u l a t i o n s  o f  L.E .  c a l c u l a t i o n s  have been made on 
the Wheland i n t e r m e d ia t e * ' *  n e g l e c t i n g  the nature  o f  the a t t a c k i n g  
s p e c i e s .  This  would lead  to  ac c u r a te  r e s u l t s  when the a t t a c k i n g  
s p e c i e s  i s  the hydrogen r a d i c a l .  However, when the a t ta c k i n g  s p e c i e s  
i s  a s p e c i e s  l i k e  the phenyl  r a d i c a l ,  there  w i l l  be e x t e n s i v e  n -
ov e r la p  between the aromatic  r i n g s .  The g r e a t e r  number o f  atoms in
the phenyl  r a d i c a l  w i l l  l ead  t o  bo th  g r e a t e r  n u c l e a r  r e p u l s i o n  
e n e r g i e s  and t o t a l  e l e c t r o n i c  e n e r g i e s  (which e x p l a i n s  the  
u n r e a l i s t i c a l l y  h ig h  v a l u e s  f o r  the L.E.  as c a l c u l a t e d  by t o t a l  
e l e c t r o n i c  e n e r g i e s  a l o n e ) .  This  means t h a t  the d i f f e r e n c e  in  L . E . s  
w i l l  be smal l  w i th  r e s p e c t  t o  the t o t a l  e n e r g i e s .  The p r e d i c t i o n s  
w i l l ,  t h e r e f o r e ,  be s e n s i t i v e  to  the geometry used  f o r  the sigma- 
complex.  S ince  t h i s  has not  been e s t a b l i s h e d ,  the  p r e d i c t i o n s  made on 
the b a s i s  o f  L .E . s  should be viewed w i t h  c a u t i o n .  The f a c t  t h a t  the  
t o t a l  e n e r g i e s  o f  the s igma-complexes  are lower ( L .E . s  are n e g a t i v e )  
than the  sum o f  the e n e r g i e s  o f  the r e a c t a n t s ,  means t h a t  our model
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be in g  s t a b l e  w i th  r e s p e c t  to  the r e a c t a n t s ,  i s  probably  c l o s e  t o  the  
s t r u c t u r e  o f  the true ' Wheland i n t e r m e d ia t e '  and n o t  a t r a n s i t i o n  
s t a t e .  Th is  can be a t t r i b u t e d  t o  the  p o s s i b i l i t y  o f  ir — over lap  
between the pheny l  r ing and the p y r i d in e  r ing  which would not  have  
been the  c a s e  i f  a hydrogen atom had been  used in  p l a c e  o f  the  phenyl  
r a d i c a l ,  as had be e n  o r i g i n a l l y  sugge s te d  by W h e la n d * * ' ,* '* .
D . 1 . 1 . 1 .3  The e f f e c t  o f  m eta -d i n i t r o b e nz e n e
I t  has been suggested***  t h a t  the n i t r o -  group has to  be 
i n i t i a l l y  reduced t o  the n i t r o s o -  group b e f o r e  i t  can be e f f e c t i v e  in  
c a t a l y s i n g  b i a r y l  form at ion .
Redu ct ion  of  a smal l  amount o f n i t r o b e n z e n e  t o  n i t r o s o b e n z e n e  
(p r ob ab ly  by p h e n y I c y c lo h e x a d ie n y 1 r a d i c a l s )  and subsequent  r a d i c a l  
a d d i t i o n  g i v e s  d ipheny l  n i t r o x i d e .  This  s t a b l e  n i t r o x i d e  was 
c o n s id e r e d  r e s p o n s i b l e  fo r  o x i d i s i n g  the  p h e n y l c y c lo h e x a d i e n y l  
r a d i c a l s .
The s u g g e s te d  mode o f  ac t ion***  in  the p h é n y l a t i o n  of  benzene by 
b e n z o y l  per ox id e  i s  g iv e n  below:
ArN02
CH]
ArNO
Ph.
ArN— O'
(PhCÜ2) 2
Ph
Ar-N-OH
P hC 02*  + PHC02H
2PhC02-
Ph
Ar-A-OH
PhCÜ2H
^  Ph. + CO2
) 0H
Ar-
Ph
Ph (/ + Ar-N- OH
r•-N- 0 *
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For c a t a l y s i s  to  take p lac e  the redox p o t e n t i a l  fo r  the  
n i t r o x i d e /  hydroxylamine couple must be lower  than t h a t  o f  the  
b i p h e n y l /  p h e n y l c y c lo h e x a d i e n y l  r a d i c a l  c o u p l e .  This  i s  found t o  be 
the  c a s e .
^ e
4-phenylpyridine + + e -  > Sigma-radical E =-40 .55 e.v.
2-phenylpyridine + H + e-  > Sigma-radical E = -40.10 e.v.
3-phenyIpyridine + H + e-  > Sigma-radical E = -39.58 e.v.
E biphenyl + H + e-  > phenylcyclohexadieryl E = -38.67 e.v.
radical
benzoyl peroxide + + e-  > benzoic acid E = -33.54 e.v.
+ve
+ benzcyloxy radical
benzoyloxy radical + H + e -  > benzoic acid E = — 7.23 e.v.
ph,N-0’ + H + e—  > Ph,N-CH E — + 5.98 e.v.
Redox potential table based on total energies calculated 
by mX)*** methods.
Table XIII
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The Table conf irm s t h a t  n i t r o s o — compounds can o x i d i s e  
p h e n y l c y c l o h e x a d i e n y l  r a d i c a l s  t o  b i p h e n y l ,  and are capable  of  
o x i d i s i n g  the  s igma-complexes  in the p y r i d in e  sys tem t o  the  
correspond ing  b i a r y l s .
A g a i n , t h e  p o s i t i o n  o f  the o x id a n t s  normally p r e s e n t  in  the  
p y r i d i n e  system d e c i d e s  whether me t a —d i n i  trobenzene w i l l  have any 
e f f e c t  in  t h i s  system. As b e f o r e ,  the h igh  y i e l d  o f  b i a r y l  in  the  
absence  o f  a d d i t i v e s  s u g g e s t s  t h a t  th e se  ox id a n ts  l i e  lower  in  the  
redox p o t e n t i a l  t a b l e  than meta- d i n i t r o b e n z e n e .
As a r e s u l t ,  the y i e l d  o f  both b i a r y l s  and b e n z o ic  a c id  are  
l a r g e l y  u n a f f e c t e d  by meta- d i n i t r o b e n z e n e .
D . 1 . 1 . 1 . 4
The e f f e c t  o f  p e n t a f l u o r o n i t r o s c b e n z e n e
The mechanism o f  s ig m a - r a d ic a l  o x i d a t i o n  i s  presumably the same 
as in  the case o f  n i t r o -  compounds, except  o f  course  in  t h a t  the  
i n i t i a l  r e d u c t i o n  o f  the n i t r o -  compound t o  the n i t r o s o -  compound i s  
no l o n g e r  n e c e s s a r y .  This  should make the n i t r o s o - g r o u p  more e f f i c i e n t  
an o x id a n t  than the n i t r o -  group.  However, the same arguments used to  
e x p l a i n  the i n e f f e c t i v e n e s s  o f  me ta - d i n i t r o b e n z e n e  as a c a t a l y s t  in  
t h i s  sys tem , apply in  the  case  o f  p e n t a f l u o r o n i t r o s o b e n z e n e .
N i t r o s o b e n z e n e ,  and so ,  by e x t e n s i o n ,  p e n t a f l u o r o n i t r o s o b e n z e n e ,  
s c a v e n g e s  phenyl  r a d i c a l s  t o  form a r y l n i t r o x i d e s * . The l a t t e r  
i n t e r a c t s  w i t h  b e n z o y lo x y  r a d i c a l s ,  and as a r e s u l t ,  few er  ben z o y lo x y  
r a d i c a l s  r e a c t  w i t h  benzene and more b e n z o ic  ac id  i s  formed**.
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D . 1 . 1 . 1 .5
Compe_titj.ve_r^act^ions_between b enzene and p y r id in e  in t h e ph é n y l a t i o n
o f_benzoy l_ ^erox id e_ in_the_ab_sence  o f  add i t i v e s .
The y i e l d  o f  p h e n y l - 4 -m e t h y l p y r i d i n e  was found** t o  be the same 
whether  p h é n y l a t i o n  occurred in  4 ~ m e t h y l p y r id in e , or a 
b e n z e n e - 4 - m e t h y l p y r i d i n e  mixture  ( 5 : 1 , v / v ) .  This  s u g g e s t s  t h a t  
benzene does not  compete e f f e c t i v e l y  w i th  4 - m e t h y lp y r i d i n e  f o r  the  
pheny l  r a d i c a l s .  S i m i l a r l y ,  we have found t h a t  the y i e l d  o f  
p h e n y l p y r i d i n e s  (Table XV) a r i s i n g  from p h é n y l a t i o n  o f  m ix tures  o f  
benzene and p y r i d i n e  does not  change as v i o l e n t l y  as the changes in  
the r e l a t i v e  amounts o f  the two s u b s t r a t e s  s u g g e s t .
Expt.
no.
Pyridine
/benzene
v /v
Pheityl
pyridine
yield**
Biphenyl
yield
Rel.
rate
Isaner dist.*  
/p .r . f .
"2r 3 - 4"
Benzoic
acid
yieldl
Total
yield
(%)ll
1-3 1/0 2.84 none - 48.1 33.7 17.8 2.59 91.16
16-18 2/1 2.22 0.53 1.90 46.5 35.2 18.3 
/2.65 /2.01 /2.07
2.39 86.09
19-21 1/1 1.69 0.81 1.89 50.8 31.7 17.5 
Z2.88 /1.80 /1.98
2.23 79.38
22-24 1/2 1.36 1.08 2.28 55.7 27.8 16.5 
/3.81 /1.90 /2.26
2.06 75.30
25-27 0/1 - 1.46 - — — 1.77 55.15
* percentage 
** (gm)
I (gm)
II with respect to  phenyl radical
The decccposition of benzoyl peroxide (5.25gm) in a mixture of benzene and 
pyridine (1(XWL) at 80*C under nitrogen for 2 ^ .
Table XV
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Among the s id e  r e a c t i o n s  c i t e d  as i n v a l i d a t i n g  isomer  
d i s t r i b u t i o n s  and r a te  f a c t o r s ,  the main ones are r e a c t i o n s  o f  the  
a r y l c y c l o h e d i e n y l  r a d i c a l s  which do not  y i e l d  b i a r y l s .  I t  has been  
shown th a t  in  the p h é n y l a t io n  o f  4 ~ m ethy lpyr id ine  such r e a c t i o n s  can 
be s e l e c t i v e * * ,  the workers s u g g e s t  th a t  to  avoid t h i s  source o f  e r r o r  
an e f f i c i e n t  o x i d i s i n g  agent  should be added to  benzoy l  perox id e  a t  
l e a s t  in  the case o f  p y r i d in e  d e r i v a t i v e s .  They have a l s o  observed  
such s e l e c t i v e  s id e  r e a c t i o n s  in  the p h é n y l a t i o n  o f  q u in o x a l in e  and 
m e t h o x y p y r i d i n e s . This  d i s a g r e e s  w i t h  the work of  Morrison and 
Cazes** but i s  in  accordance w i th  r e s u l t s  on the r e a c t i o n  of  b e n z o y l  
pe r o x id e  w i th  a n i s o l e * * * .  Th ere fore ,  the c o n c l u s i o n s  o f  r e fe r e n c e  58 
do not  apply  to  a l l  s u b s t r a t e s .  We however,  have c l e a r l y  shown (Table  
XII)  t h a t  the o x i d a n t s  normally  p r e s e n t  in  the p y r i d in e  system i s  
e f f i c i e n t  in  o x i d i s i n g  the s i g m a - r a d i c a l s  and lead  to  high y i e l d s  o f  
b i a r y l s .
In exper im ents  16 to  24 in  Table XV the  isomer d i s t r i b u t i o n  o f  
the p h e n y l p y r i d in e s  changes towards an i n c r e a s e  of  the or th o - i s o m e r  as 
the amount o f  benzene i s  in c r e a s e d .
As the amount o f  benzene i s  i n c r e a s e d ,  the c o n c e n t r a t i o n  o f  the  
sigma — complexes d e r iv e d  from p y r i d i n e  d e c r e a s e s ,  w h il e  the  
c o n c e n t r a t i o n  of  a v a i l a b l e  oxygen remains the same ( th e  s o l u b i l i t y  o f  
oxygen in  benzene and p y r i d in e  are s i m i l a r * * * ) .  I t  i s  c u r r e n t l y  
b e l i e v e d  t h a t  oxygen does not  i n c r e a s e  the y i e l d  o f  b ip h e n y l  in  the  
d e c o m p o s i t io n  o f  benzoyl  perox id e  in  benzene  * ?. I t  i s  a l s o  b e l i e v e d  
th a t  in  the de c om p os i t ion  o f  b e n z oy l  p e r o x id e  in  4 - m e t h y lp y r i d i n e ,  
oxygen does c a t a l y s e  the o x i d a t i o n  o f  s igma-complexes  to  b i a r y l s * * .  
I f  a s i m i l a r  c a t a l y t i c  e f f e c t  e x i s t s  in  p y r i d i n e ,  the  g r e a t e r  r a t i o  o f  
oxygen t o  s igma-complexes  d e r iv e d  from p y r i d in e  in  r e a c t i o n s  i n v o l v i n g  
h igh  benzene to  p y r i d in e  r a t i o s  would account  fo r  the i n c r e a s e  in  the
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r e l a t i v e  r a t e  o f  p h é n y l a t io n  o f  p y r i d in e  w i th  r e s p e c t  t o  benzene .  
However, the  f a c t  t h a t  o th e r  known ox idants ,  e . g . ,  f e r r i c  and cupr ic  
b e n z o a t e s  and n i t r o — and n i t r o s o — compounds, are known to  be l e s s  
e f f e c t i v e  in p y r i d in e  than in  benzene argues a g a i n s t  t h i s  mechanism.
Side r e a c t i o n s  in v o lv e d  in the form at ion  of  b i a r y l s  from sigma- 
complexes d e r iv e d  from 4~m ethy lpyr id ine  are known t o  be s e l e c t i v e * * .  
I t  has been sugge s te d  t h a t  t h i s  could be due to  the i n c r e a s e d  r a t e  o f  
o x i d a t i o n  o f  sigma — complexes in v o lv i n g  d e l o c a l i s a t i o n  of  the odd 
e l e c t r o n  on the n i t r o g e n  atom.
In the case  o f  p y r i d in e  t h i s  would in c r e a s e  the y i e l d s  o f  the 2 -
and the 4 - p h e n y l p y r i d i n e s  p r e f e r e n t i a l l y ,  r e s u l t i n g  in  an i n c r e a s e  in
t h e i r  isomer r a t i o s  r e l a t i v e  to  the me t a - isomer and a l s o  the r e l a t i v e
r a t e  o f  p h é n y l a t i o n  o f  p y r i d i n e  w i t h  r e s p e c t  to  benzene )-benzene
Another cause fo r  the change in r e l a t i v e  r a t e s  and isomer  
d i s t r i b u t i o n  could be due to  s t e r i c  r e ason s*** .  N i t r o g e n - n i t r o g e n  
i n t e r a c t i o n s  are p r e s e n t  in  p y r i d in e  s o l u t i o n s .  This  could cause a 
s t e r i c  h indrance  f o r  a t t a c k  at  the o r th o —p o s i t i o n .  These i n t e r a c t i o n s  
are reduced as the amount o f  benzene i s  in c r e a s e d ,  l ead in g  t o  an 
i n c r e a s e  i n  both  the r e l a t i v e  r a te  o f  form at ion  and the perc en tage  
y i e l d  o f  the 2 - p h e n y l p y r i d i n e .  ^
A d e t a i l e d  study  o f  the a d d i t i o n  s tep  in  the p h é n y l a t i o n  o f  
p y r i d i n e  has not  been  done,  but  i t  i s  known t h a t  the a d d i t i o n  s t e p  in  
the a l k y l a t i o n  o f  p y r i d i n e  i s  r e v e r s i b l e * * *  when t - b u t y l p e r o x i d e  i s  
used as the source o f  methyl r a d i c a l s .  I f  the a d d i t i o n  s t e p  in  the
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p h é n y l a t i o n  o f  p y r i d i n e  was r e v e r s i b l e  then  the  o r th o —isomer  would be 
more l i k e l y  to  d i s s o c i a t e * *  than the me ta- and pa ra— i so m e r s .  S t e r i c  
f a c t o r s  i n v o l v i n g  N~N i n t e r a c t i o n s  ( S e c t i o n  D.15)  would a id  the  
d i s s o c i a t i o n  a t  low benzene to  p y r i d i n e  r a t i o s ,  the  e f f e c t  would be 
r e l i e v e d  at  h igh  benzene to  p y r i d in e  r a t i o s .  The f a c t  t h a t  the isomer  
r a t i o  f o r  the  2 - i s o m e r  i n c r e a s e s  a t  the c o s t  of  bo th  the 3 - ,  and the
4 -  isomer  s u g g e s t s  that  the s t e r i c  f a c t o r  i s  more important  than the  
s e l e c t i v e  o x i d a t i o n  by a v a i l a b l e  oxygen.
The y i e l d  o f  b e n z o ic  ac id  d e c r e a s e s  as the amount o f  benzene i s
i n c r e a s e d .  Two f a c t o r s  c o n t r i b u t e  to  t h i s  change.   ^ ^tjenzene
t h e r e f o r e ,  g r e a t e r  benzene /  p y r i d in e  r a t i o s  w i l l  l ea d  t o  lower
b i a r y l  y i e l d s ,  and hence ,  a de c r ease  in  the a v a i l a b i l i t y  o f  ( H )  (from 
s i g m a - r a d i c a l  o x i d a t i o n )  r equ ired  f o r  the form at ion  o f  b e n z o i c  a c i d .  
Higher  benzene /  p y r i d in e  r a t i o s  w i l l  i n c r e a s e  the r e l a t i v e
importance o f  Scheme XV over Scheme XVI. As Scheme XV can y i e l d  a
maximum o f  one mole o f  b e n z o ic  ac id  per  mole o f  b e n z o y l  p e r o x i d e ,  and
Scheme XVI can y i e l d  1 .5  moles  o f  b e n z o i c  ac id  per  mole o f  b enzoy l  
p e r o x i d e ,  t h i s  w i l l  l ead  to  reduced b e n z o ic  a c id  y i e l d s .
D . l  . 1 . 1 . 6
Com pet i t ion  between benzene and p y r i d in e  in  the  p h é n y l a t i o n  o f  b e n z o y l  
p e r o x id e  in  the pre sen ce  o f  C u ( I I ) b e n z o a t e .
The r e a so n s  f o r  the sm a l l ,  but  d e f i n i t e ,  i n c r e a s e  in  the  r a t i o  o f
the  2 - ,  t o  the 3 -  and 4 - p h e n y l p y r i d i n e s ,  as  the benzene to  p y r i d i n e
r a t i o  i s  i n c r e a s e d ,  in  the p r esen ce  o f  c o p p e r ( I I )  (Table XVI), are  
pr o b a b ly  the  same as those  in  the absence o f  c o p p e r ( I I )  ( exp er im e n ts  
31 -3 3  do not  f i t  i n  w i t h  t h i s  t r e n d ) .
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Expt.
no.
lyridine
/benzene
v/v
Phenyl
pyridine
yield**
Biphenyl
yield
Rel.
rate
Isomer dist.*  
/p .r . f .
Benzoic
acid
yieldl
Total
yield
(%)!!
4-6 1/0 2.10 none - 47.1 34.6 18.3 3.36 94.7
28-30 2/1 1.72 0.56 1.39 48.5 33.1 18.4 
/2.03 / I . 47 / I . 66
3.03 91.2
31-33 1/1 1.43 0.95 1.36 43.6 35.9 20.5 
/ I . 78 /1.47 /1.66
2.70 86.5
34-36 1/2 1.09 1.23 1.60 52.7 30.5 16.8 
/2.53 / I . 46 /1.61
2.54 82.6
37-39 0/1 - 1.52 - — — - 2.49 69.8
♦ percentage 
♦* (gm)
I (gm)
II with respect to pheryl radical
The decccposition of benzoyl peroxide (5.25gm) in a mixture of benzene and 
pjTidine (lOObl) at 80*C under nitrogen for 24hr. Cqpper(iDbenzoate (3Cbg) 
was added.
Table XVI
The c a t a l y t i c  e f f e c t  o f  c o p p e r ( I I )  on the p h é n y l a t i o n  o f  benzene  
has p r e v i o u s l y  been  shown ( S e c t i o n  D . l . 1 . 1 . )  to  be g r e a t e r  than t h a t  
in  the p h é n y l a t i o n  o f  p y r i d i n e .  Consequently ,  the r e l a t i v e  r a t e s  f o r  
p h é n y l a t i o n  o f  p y r id in e  are ' lower in the p resen ce  o f  
c o p p e r ( I I ) b e n z o a t e .
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Pr e v io u s  workers*® had found t h a t  the observed change i n  isomer  
r a t i o s  w i th  change in b e n z e n e / p y r i d i n e  r a t i o  was e l i m i n a t e d  i n  the  
p r e s e n c e  o f  C u ( I I ) b e n z o a t e , though in  a reduced form.
Since  c o p p e r ( I I )  i n c r e a s e s  the y i e l d  o f  b e n z o ic  a c id  in  the  
p h é n y l a t i o n  of  both  benzene*  * * and p y r i d in e  (Table XV) by b e n z o y l  
p e r o x id e ,  the i n c r e a s e d  b e n z o i c  ac id  y i e l d s  o b ta in ed  when c o p p e r ( I I )  
i s  added t o  m ix tu r e s  o f  benzene  and p y r i d i n e  i s  not  s u r p r i s i n g .
The above e x p l a n a t i o n s  are probably  an o v e r s i m p l i f i c a t i o n .  The 
s o l v e n t  e f f e c t  upon the e q u i l i b r iu m  c o n s t a n t  f o r  the  
c o p p e r ( I I ) - p y r i d i n e  complex i s  not  known. Since c o p p e r ( I I )  complexes  
w it h  both  b e n z o y lo x y  r a d i c a l s * * *  and pyr id ine*® *,  t h e r e  may be  
c o m p e t i t i o n  between b e n z o y lo x y  r a d i c a l s  and p y r i d in e  f o r  c o p p e r ( I I ) .  
In the p h é n y l a t i o n  o f  4 - m e t h y I p y r id in e  by b e n z oy l  p e r o x i d e ,  the  
t o t a l  y i e l d  o f  b i a r y l  i s  i n c r e a s e d  when n i tr o b e n z e n e  i s  added t o
m ix tu r e s  o f  4 - m e t h y lp y r i d i n e  and benzene .  However t h i s  i s  not  the  
case  when no benzene i s  added to  4 - m e t h y l p y r i d i n e . In t h i s  case
n i t r o b e n z e n e  does not  i n c r e a s e  the o x i d a t i o n  o f  the sigma-
com plexes ,  but  competes w i t h  4 - m e t h y lp y r i d i n e  f o r  phenyl  r a d i c a l s  so  
t h a t  the y i e l d  o f  m e t h y lp h e n y I p y r id in es  i s  lower .  Such c o m p l e x i t i e s  
make i t  d i f f i c u l t  t o  e x p l a i n  the r e s u l t s  o f  exper im ents  3 1 - 3 3 ,  where 
the p e r c en ta g e  o f  the o r th o - i s o m e r  i s  lower  than t h a t  o b ta in ed  in  both  
h i g h e r  ( exp er im e n ts  2 8 - 3 0 ) ,  and lower  (exper im ents  34-36)  p y r i d i n e  t o  
benzene r a t i o s .
The r e s u l t s  ob ta in ed  i n  the p h é n y l a t i o n  o f  p y r i d i n e  are i n  
complete  c o n t r a s t  to  the  e f f e c t s  observed  in  the p h é n y l a t i o n  of  
s u b s t i t u t e d  benzenes  by b e n z o y l  p e r o x i d e ,  where the use o f  c a t a l y s t s
i n c r e a s e d  the o r t h o -  y i e l d .  The f o l l o w i n g  reason  has been  s u g g e s te d
fo r  the i n c r e a s e d  o r th o -  y i e l d s  ob ta in ed  in  s u b s t i t u t e d  b e n z e n e s .
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I t  i s  e x p e c te d ,  on s t e r i c  grounds ,  t h a t  the o r th o - s u b s t i t n t e d  
p h e n y l c y c l o h e x a d i e n y l  r a d i c a l  has a g r e a t e r  tendency to  d i s s o c i a t e  
than the o t h e r  i som ers .  The c a t a l y s t ,  by removing the  s igma— complex  
p r e v e n t s  the backward r e a c t i o n .  This  argument would o f  course not  
apply  in our system as c o p p e r ( I I )  i s  not  found t o  be an e f f e c t i v e  
ox idant  in  p y r i d i n e .
D.2
The decom p o s i t io n  o f  benz oy l  perox id e  in p y r i d a z i ne.
The r e l a t i v e  r a te  o f  a t t a c k  of  phenyl  r a d i c a l s  on the p y r i d a z in e  
m o le c u le  (Table XIX) i s  in  ge n e r a l  g r e a t e r  than t h a t  fo r  p y r i d in e  
(Table X V I I I ) ,  however,  the r e l a t i v e  r a t e  changes w i t h  both changes in  
the benzene to  p y r i d a z in e  r a t i o  and changes in  the i n i t i a l  perox id e  
c o n c e n t r a t i o n .
The b i a r y l  f r a c t i o n  c o n s i s t s  o f  almost  e n t i r e l y  099 .97% )  
4 - p h e n y I p y r i d a z i n e . 3 - p h e n y I p y r id a z in e  (upto ~ 0.03%) was d e t e c t e d ,
but changes in the y i e l d  o f  t h i s  isomer could not  be a c c u r a t e l y  
d e t e r m in e d .
T h e o r e t i c a l  p r e d i c t i o n s  g iv e  c o n f l i c t i n g  p r e d i c t i o n s  f o r  
p y r i d a z i n e .  Whereas D a v i e s '  ca lcu la t ions*® ®  show the 4 - p o s i t i o n  t o  be 
the most favoured p o i n t  o f  a t t a c k  on the  b a s i s  o f  f r e e  v a l e n c e  
numbers,  the  c a l c u l a t i o n s  show the 3 - p o s i t i o n  t o  be the most favoured  
p o i n t  o f  a t t a c k  on the b a s i s  o f  e l e c t r o n  charge d e n s i t i e s .
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r qra prsb Frc
1 1 .132 0 .6 3 8 0 .103
2 0 .6 7 3
3 0 .9 3 2 0 .6 5 5 0 .0 8 6
4 0 .9 3 6 0 .671 0 .0 8 8
r = p o s i t i o n  in  p y r i d a z i n e .
qr = charge d e n s i t y  at  atom r.
pr s  = bond order between the r and s atoms,  s be ing
a d ja c e n t  t o  r in a c lo c k w is e  d i r e c t i o n  round the r in g  
Fr = f r e e  v a l e n c y  at  the atom r.
T h e o r e t i c a l  i n d i c e s  o f  r e a c t i v i t y  as c a l c u l a t e d  by Davies^**
Table XVII
Our own INDO^** and CNDO^^* c a l c u l a t i o n s  (appendix)  are  
c o n s i s t e n t  in  p r e d i c t i n g  the 3 - p o s i t i o n  t o  be the more favoured  p o i n t  
o f  a t t a c k  accord in g  to  f r e e  v a l e n c e  numbers, charge d e n s i t i e s  and 
l o c a l i s a t i o n  e n e r g i e s  ( c a l c u l a t e d  on the b a s i s  o f  t o t a l  e l e c t r o n i c  
e n e r g i e s ,  when the  n u c le a r  r e p u l s i o n  energy  i s  taken i n t o  
c o n s i d e r a t i o n ,  the 4 - p o s i t i o n  i s  p r e d i c t e d  t o  be the most r e a c t i v e ) .  
However, the LUMO f o r  p y r i d a z in e  has a g r e a t e r  c o e f f i c i e n t  a t  the
4 - p o s i t i o n  ( 0 .4 1 2 0 )  than a t  the  3 - p o s i t i o n .  As in  the case  o f  p y r i d i n e  
( S e c t i o n  D . l . 1 . 2 ) ,  where com p lexa t ion  w i t h  i r o n ( I I I )  l e a d s  t o  
r e a c t i v i t i e s  determined by o r b i t a l  c o n t r o l ,  the  r e a c t i v i t i e s  observed  
i n  p y r i d a z i n e  appear to  be o r b i t a l  c o n t r o l l e d  r a t h e r  than charge  
c o n t r o l l e d  ( S e c t i o n  D . 1 6 . 6 ) .
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r qr Fr c L.E.(E.E.)
(A.U.)
L.E. (T.E.) 
(A.U.)
3 3.8638 0.4282 0.1565 -116.1078 -0.6674
4 3.9522 0.4211 0.4120 -115.5466 -0.7129
r = position on pyridazine
qr = electron charge density
c = coefficient of UhD for pyridazine on atan r
L.E.(E.E.) = Localisation energy (calculated from total electronic energy)
L.E.(T.E.) = Localisation energy (calculated from total energy)
Thecretical  indices of reactivity as calculated by methods.
Table  XV III
One p o s s i b l e  cause for  t h i s  d i s c r e p a n c y  could be the s e l e c t i v e  
d i v e r s i o n  o f  the sigma—complex formed by a t t a c k  a t  the 3 - p o s i t i o n  to  
s id e  p r od u c t s  at  a much g r e a t e r  r a te  than the correspond ing  r e a c t i o n s  
o f  the 4 - i s o m e r .  There i s  no ev id ence  f o r  t h i s .
Though p y r i d a z in e  i s  known to  undergo r ing  opening r e a c t i o n s  i n  
a l k a l i n e  medium, 3 -p h e n y I p y r id a z in e  i s  s t a b l e  under our r e a c t i o n  
c o n d i t i o n s  (due to  the small  amount o f  3 - p h e n y I p y r id a z in e  a v a i l a b l e ,
e r r o r s  o f  upto  + 15% are p o s s i b l e  in  out  d e t e r m in a t i o n  o f  s t a b i l i t y ,  
i . e .  no more than 15% o f  the t o t a l  3 -p h e n y I p y r id a z in e  w i l l  have been  
d e s tr o y e d  during the  a n a l y t i c a l  p r o c e s s , ) .
Another p o s s i b l e  reason  f o r  the d i f f e r e n c e  between the  
t h e o r e t i c a l  p r e d i c t i o n s  and the  exper im enta l  f i n d i n g s  i s  in the  
p o s s i b l e  i n a c cu ra c y  o f  the model used f o r  the c a l c u l a t i o n s .  The model
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used i s  an i s o l a t e d  p y r i d a z in e  molecule  ( the  sigma—complex in  the  case  
o f  l o c a l i s a t i o n  energy  c a l c u l a t i o n s ) .  Such a model i s  adequate f o r  
e v a l u a t i n g  in t r a m o le c u l a r  i n t e r a c t i o n s  but  cannot take i n t o  account  
i n t e r m o l e c u l a r  i n t e r a c t i o n s .
I t  has been suggested** t h a t  p y r i d a z in e  e x i s t s  as dimers ,  though 
t h i s  has s in c e  been  c o n t e s t e d * * ,  there  i s  s t i l l  e v id en ce  fo r  the  
e x i s t e n c e  o f  s trong N~N i n t e r a c t i o n s  ( S e c t i o n  D.15)  in  p y r i d a z i n e .  
These i n t e r a c t i o n s  could cause changes in  the e l e c t r o n i c  s t r u c t u r e  o f  
the  p y r i d a z i n e  m olecu le  in  s o l u t i o n  and a l s o  cause some s t e r i c  
hindrance  t o  a t t a c k  at  the 3- p o s i t i o n .  However, models  based  on 
p y r i d a z i n e  dimers a l s o  p r e d i c t  the 3 - p o s i t i o n  to  be more r e a c t i v e  than  
the 4 - p o s i t i o n  on the b a s i s  o f  f r e e  v a l e n c e  numbers and e l e c t r o n  
charge d e n s i t i e s ,  but  aga in  the c o e f f i c i e n t s  o f  the LUMO p r e d i c t  
a t t a c k  at  p r edom inate ly  the 4 - p o s i t i o n .  The d i f f e r e n c e s  between the  
c o e f f i c i e n t s  are much more exaggerated  in  t h i s  c a s e .  The c o e f f i c i e n t  
f o r  the 4 - p o s i t i o n  ( 0 .3383 )  in the p y r i d a z in e  dimer i s  i n f a c t  l e s s  
than t h a t  o f  the 4 - p o s i t i o n  in p y r i d a z in e  ( 0 . 4 1 2 0 ) ,  but  the  
c o e f f i c i e n t  f o r  the 3 - p o s i t i o n  in the dimer ( 0 .0 0 3 6 )  i s  v e r y  much 
lower  than the c o e f f i c i e n t  for  the 3 - p o s i t i o n  in  p y r i d a z in e  ( 0 . 1 5 6 5 ) .
Using the a d d i t i v i t y  p r i n c i p l e  s u g g e s te d  by W i l l i a m s * ’ we can 
( u s in g  the  p a r t i a l  ra te  f a c t o r s  from exper im ents  19-21)  c a l c u l a t e  the  
e x p e c te d  p a r t i a l  r a t e  f a c t o r s  o f  the 3 -  and the 4 -  p o s i t i o n s  o f  
p y r i d a z i n e  t o  be 5 .1 8  and 3 .5 6  r e s p e c t i v e l y .  The r e l a t i v e  r a t e  o f  
p h é n y l a t i o n  o f  p y r i d a z in e  w i th  r e s p e c t  t o  benzene would be 2 . 9 2 .
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Expt.
no.
Additive
(5ng)
4-Phenyl 
pyridazine 
yield (mg'
Biphenyl
yield
(mg)
Rel.
rate
Partial
rate
factor
Benzoic
acid
yield*
Ester
yield
(mg)
Total
yield
(%)l
40-42 None 32.94 96.15 1.73 5.20 74.50 13.50 52.3
43-45 Cbpper* 24.89 94.20 1.34 4.02 82.78 10.12 51.9
46-48 Iron** 28.62 112.25 1.29 3.86 62.80 8.50 50.8
49-51 M.D.B. 23.78 110.69 1.08 3.24 50.26 10.54 46.2
52-54 P.F.N.B. 35.86 102.41 1.77 5.32 46.65 12.24 46.3
♦ (mg), I with respect to phei^l radical.
The decoT5)Osition of benzoyl peroxide (0.35gm) in a mixture of pyridazine 
(Igm) and benzene (5gm), at 80°C, under nitrogen. In experiments 43-54, 
5mg of additives were used.
Table XIX
Though the r e l a t i v e  r a t e s  observed  in  Table XIX are lower than  
t h i s  p r e d i c t e d  v a l u e ,  t h i s  i s  l a r g e l y  due to  the g r e a t l y  reduced  
r e a c t i v i t y  o f  the 3 - p o s i t i o n  s in c e  the r e a c t i v i t y  o f  the 4 - p o s i t i o n  i s  
i n  f a c t ,  g r e a t e r  than th a t  p r e d i c t e d  by the a d d i t i v i t y  r u l e .  The 
r e a c t i v i t y  o f  the 3 - p o s i t i o n  o f  p y r i d a z in e  i s  t h e r e f o r e  a s p e c i a l  case  
where some s i g n i f i c a n t  f a c t o r ,  o t h e r  than those  normally  encountered  
in  the p h é n y l a t i o n  of  aromatic  compounds, i s  in v o lv e d .
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D.2 .1
fGct  o f  a d d i t i v es  on the d e c o m p o s i t io n o f  ben z o y l  pe r ox i d e  in
p y r i d a z i n e .
None o f  the c a t a l y s t s  have a s i g n i f i c a n t  e f f e c t  in  th e s e  
r e a c t i o n s .  In f a c t ,  the h i g h e s t  t o t a l  y i e l d  i s  obta in ed  in  the  
n n c a t a l y s e d  exper im en t .  The b i a r y l  y i e l d  i s  s l i g h t l y  in c r e a s e d  in  the  
p r e s en ce  o f  p e n t a f l u o r o n i t r o s o b e n z e n e , though the t o t a l  y i e l d  i s  lower  
than t h a t  ob ta in ed  f o r  benzene a l o n e .
In c o n t r a s t  t o  the p y r i d in e  r e a c t i o n s  th e re  were a number o f  
p r o d u c t s  formed in  the p h é n y l a t i o n  o f  p y r i d a z i n e .  Not a l l  the peaks  
ob ta in ed  by g . l . c .  could be i d e n t i f i e d .  On s a p o n i f i c a t i o n  w i th  
sodium c a r b o n a te ,  two o f  the peaks d i s a p p e a r e d .  These peaks were  
a t t r i b u t e d  t o  e s t e r s .
P y r id a z in e  i s  c o n s id e r a b l y  more p o l a r  than p y r i d i n e ,  the  
r e t e n t i o n  t im es  o b ta in ed  by g . l . c .  for  p y r i d a z in e  and i t s  d e r i v a t i v e s  
under our c o n d i t i o n s  are c o n s i d e r a b l y  g r e a t e r  than th ose  ob ta in ed  fo r  
the correspond ing  d e r i v a t i v e s  o f  p y r i d i n e ,  p yr az in e  or p y r i m i d i n e .  
P roducts  l i k e  p y r i d a z in e  dimers could e a s i l y  escape  d e t e c t i o n  by the  
methods employed.  The y i e l d  o f  d e t e c t a b l e  p r od u c t s  t h e r e f o r e  does  not  
r e p r e s e n t  the t o t a l  r e a c t i o n .  The low r e a c t i v i t y  o f  the 3 - p o s i t i o n  
cou ld  a l s o  c o n t r i b u t e  towards the low y i e l d s  o b t a in e d .
Due t o  economic c o n s i d e r a t i o n s  r e l a t i v e l y  l a r g e  amounts o f
benzene (benzene t o  p y r i d a z in e  r a t i o  * 5 : 1 )  were p r e s e n t  in  a l l  the  
r e a c t i o n  m i x t u r e s .  The p h é n y l a t i o n  o f  benzene a f f o r d s  much lower
y i e l d s  o f  p h e n y la ted  aromatic  products  than i s  o b ta in ed  in  the
aromat ic  h e t e r o c y c l e s .  As a r e s u l t  the r e a c t i o n  m ix tu r e s  gave low
o v e r a l l  y i e l d s .
-^e
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4-ptienylpyridazinfi + H*^  + e-  ------> Sigma-cocçlex E = -41.85 e.v.
S-phenylpjTridaziue + H + e-  ------> Sigma-ccnçlex E = —40.48 e.v.
biphenyl + H + e-   > Sigma-cocçlex E = -38.67 e.v.
E benzoyl peroxide + + e-  > benzoic acid E = -33.54 e.v.
+ benzoyloxy radical
+ve benzoyl oxy radical + + e-   > benzoic acid E = -  7.23 e.v.
+ e-  ------> Co  ^ E° = 0 . 1 5  e.v.
Fe^ "^  + e-   > Fe^ "*" E° = 0 . 7 7  e.v.
Fh^NO* + + e-  > Ph^NOE E = +5 .98  e.v.
Table XX
The r e dox p o t e n t i a l s  o f  some i n t e r m e d ia t e s  in  h om oly t ic  p h é n y l a t i o n
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The e f f e c t i v e  o x i d a n t s  p r e s e n t  in  the p y r i d a z in e  system must have  
a redox p o t e n t i a l  g r e a t e r  (more p o s i t i v e )  than ~ 4 0 . 4 8 e . v .  Since  the  
a d d i t i v e s  f a i l  t o  enhance the h i a r y l  y i e l d  d e s p i t e  the o v e r a l l  y i e l d  
be ing  low the e f f e c t i v e  o x i d a n t s  must have a redox p o t e n t i a l  g r e a t e r  
than + 5 . 9 8 e . v .
D^Z^l^l  I h e _ e f f e ç t _ o f _ ç g £ p e r i I I l b e n z g a t e ^
The y i e l d  o f  b e n z o ic  a c id  i s  i n c r e a s e d  in  the pre sen ce  of  
c o p p e r ( I l ) b e n z o a t e . A mechanism fo r  the d e c om p os i t ion  of  b e n z oy l  
p e r o x id e  in  p y r i d a z i n e  s i m i l a r  t o  t h a t  obta in ed  fo r  p y r i d in e  (Scheme 
XVII) can be p o s t u l a t e d .
Cu ( I I )
; 2 PhC 0-0 -
• - 2 3 5 7 . 3 4  e . v
(PhC0*0*)  2
- 4 6 8 8 . 3 6  e . v .
C4H4N2*
^ \ ^ 1 4 2 1 . 1 3  e . v .
Ç4HVm2-->Ô', + tPhCO-0-)20
C 4 H 4 N 2 :  >
— 1 4 2 1 . 1 3  e . v .  y
C^H4N2^ + PhCO-0" ;
P h C O - O - - ^
t
H2 O
- 1 2 1 4 . 1 6  e . v .
. 2PhC0-0H
PhCO-OH',+ ■
’. - 1 4 0 6 . 6 7  e . v .  •.
ArH s I gma-comp lex e s
ox I d a t 1 on
b I any I s  J  O  I + | 0
T h e  d e c o m p o s i t i o n  o f  b e n z o y l  p e r o x i d e  i n  m i x t u r e s  o f  p y r i d a z i n e  a n d  b e n z e n e
Scheme XIX
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As in the c a s e  o f  p y r i d i n e ,  n i t r o x i d e s  or products  t h e r e o f ,  
formed by t h i s  mechanism could  go u n d e t e c te d .  The l a r g e  number o f  
u n i d e n t i f i a b l e  p r o d u c t s ,  and the low y i e l d s  o f  products  a t t r i b u t a b l e  
t o  a t t a c k  by phenyl  r a d i c a l s  mean t h a t  l a r g e  amounts o f  b i p y r i d a z i n y l s  
could a l s o  be p r e s e n t  in the system. The r e s id u e  ob ta in ed  by reduced  
p r e s su r e  d i s t i l l a t i o n  o f  the b a s i c  f r a c t i o n  gave ,  on carbon a n a l y s i s  
68% carbon,  27% n i t r o g e n  and 5% hydrogen which would a l low  some 
p y r i d a z in e  dimer or i t s  reduced form to  be p r e s e n t  in  the r e s i d u e .  
However, i f  r e a c t i o n  (k) takes  p l a c e ,  r e a c t i o n  ( j )  should  a l s o  take  
p l a c e .  Th is  would l ea d  to  h i g h e r  y i e l d s  o f  3 - p h e n y I p y r i d a z i n e . I t  i s  
assumed t h e r e f o r e ,  t h a t  t rappin g  o f  pyr idaz  i n y l  r a d i c a l s  by 
p y r i d a z i n e - N - o x i d e  i s  e f f i c i e n t  in  p y r i d a z in e  and does not  a l lo w  
pyr idaz  i n y l  r a d i c a l s  to  form b i a r y l s .  As in the case  o f  p y r i d i n e  
( s e c t i o n  D . 1 . 1 . 1 . )  copper,  by d i v e r t i n g  b enzoy loxy  r a d i c a l s  would  
i n c r e a s e  the s t a t i o n a r y  c o n c e n t r a t i o n  o f  b e nzoy loxy  r a d i c a l s  and 
e v e n t u a l l y  lead t o  in c r e a s e d  benzo ic  ac id  y i e l d s  and t o  reduced  
phenyIpyridaz  ine y i e l d s .
D^2^K2 T h e _ e f f e c t _ o f _ i r g n i I I I l b e n z g a t e ^
Though the a b s o l u t e  y i e l d  o f  p h e n y lp y r id a z in e s  in  the p r e s en ce  o f
i r o n d l l  )benzoate  i s  g r e a t e r  than t h a t  ob ta in ed  fo r
c o p p e r ( I I ) b e n z o a t e ,  the  biphenyl  y i e l d  i s  in c r e a s e d  t o  a g r e a t e r  e x t e n t
than the phenyIpyridaz  ine y i e l d  thereby  d e c r e a s in g  i d a z i  e^
D C H Z G HG
According t o  Table XXI i r o n ( I I I ) b e n z o a t e  w i l l  not  be e f f e c t i v e  as an 
ox idant  in  t h i s  system.  The back donat ion  o f  e l e c t r o n s  towards  
i ro n  should  be h i g h e r  fo r  the d i a z i n e s  than f o r  p y r id in e ^ * * ,  but  s i n c e  
ve r y  l i t t l e  3 - p h e n y I p y r id a z in e  i s  formed, a change in  isom er  
d i s t r i b u t i o n  cannot be d e t e c t e d .
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The reduced y i e l d s  o f  b e n z o ic  a c i d ,  in  the p r esen ce  of  
i r o n ( I I I ) b e n z o a t e , i s  unexpected s i n c e  the ph e n yIp yr id az in e  y i e l d s  are  
i n c r e a s e d .  I t  i s  p o s s i b l e  that  the hydrogen a b s t r a c t i o n  from sigma-  
r a d i c a l  s i s  e f f e c t e d  by s p e c i e s  o t h e r  than the b e n z oy loxy  r a d i c a l  in  
t h i s  c a s e .  A f t e r  a l l ,  on the b a s i s  o f  i t s  p o s i t i o n  in  the redox  
p o t e n t i a l  t a b l e ,  b e t t e r  e l e c t r o n  a c c e p t o r s  than b e n z oy loxy  r a d i c a l  are  
p r e s e n t  in the system. However, on the b a s i s  o f  the  r e s u l t s  o f  a l l  
o t h e r  exper im ents  where the y i e l d  o f  b e n z o i c  ac id  i s  g e n e r a l l y  
accompanied by h igh  b i a r y l  y i e l d s ,  t h i s  appears u n l i k e l y .
D.2 . 1 . 3  The e f f e c t  o f  m e t a - d in i t r o b e n z e n e .
Ni trob en zene  competes w i t h  4-me t h y I p y r id i n e  f o r  pheny l  
r a d i c a l s * ® .  Meta- d i n i t r o b e n z e n e  may have a s i m i l a r  e f f e c t  in  the  
p h é n y l a t i o n  o f  p y r i d a z i n e ,  and c e r t a i n l y  the y i e l d  o f  p h e n y l p y r i d a z in e  
i s  c o n s i d e r a b l y  lowered in the p r esen ce  o f  meta- d i n i t r o b e n z e n e . The 
r e d u c t i o n  in  y i e l d  o f  phenylpyr idaz  i n e s  can t h e o r e t i c a l l y  be accounted  
f o r  by 2 .9 0  x 10“  ^ mmoles o f  benzoy l  p e r o x id e .  Since  about 2 . 9 8  x 10~^ 
mmoles o f  roe ta - d i n i t r o b e n z e n e  i s  p r e s e n t  in  the system,  t h i s  could  
s a t i s f a c t o r i l y  account for  the change in  y i e l d  observed .
The reduced y i e l d  o f  p h e nyIp yr idaz in e  p a r t i a l l y  c o n t r i b u t e s
towards the r e d u c t i o n  o f  b e n z o ic  ac id  y i e l d ,  though f r e e
meta- d i n i t r o b e n z e n e  should c a t a l y s e  the form at ion  of  b e n z o ic  ac id  in  
b e n z e n e ,  i t s  involvement  in  c o m p e t i t i o n  w i th  phenyl  r a d i c a l s  w i l l
p r e v e n t  the normal c a t a l y t i c  a c t i v i t i e s  demonstrated  in  benzene .
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D . 2 . 1 . 4  The e f f e c t  of  p e n t a f l u o r o n i t r o s o b e n z e n e .
The e f f e c t  observed i s  the o p p o s i t e  to  what was observed  in  the  
c ase  o f  p y r i d i n e ,  where, the b i a r y l  y i e l d  was d e c reased  and the  
b e n z o i c  ac id  y i e l d  i n c r e a s e d .  In the case  o f  p y r i d a z i n e ,  the  y i e l d  o f  
b i a r y l s  i s  s l i g h t l y  i n c re a s e d  but there  i s  a s i g n i f i c a n t  drop in  the  
y i e l d  o f  b e n z o ic  ac id  ( Table XIX).
N i trosob e n z e n e  i s  known to  scavenge phenyl  r a d i c a l s  t o  form 
d ip h e n y l  n i t r o x i d e ^ ’ *, whether p e n t a f l u o r o n i t r o s o b e n z e n e  has a s i m i l a r  
e f f e c t  on b e n z oy loxy  r a d i c a l s  i s  not  known. Of the a d d i t i v e s  s t u d i e d ,  
p e n t a f l u o r o n i t r o s o b e n z e n e  i s  the most e f f i c i e n t  o x i d i s i n g  agent  (Table  
XX). The low y i e l d s  o b ta in ed  in  the p h é n y l a t io n  o f  p y r i d a z i n e ,  by 
b e n z o y l  p e r o x id e ,  s u g g e s t  t h a t  the o x i d a n t s  normally  o p e r a t i v e  in  t h i s  
system have a redox p o t e n t i a l  on ly  s l i g h t l y  g r e a t e r  than + 5 . 9 8 e . v . ,  
p e n t a f l o u r o n i t r o s o b e n z e n e ,  t h e r e f o r e ,  could s t i l l  be important in  the  
e l e c t r o n  t r a n s f e r  cha in ,  and d i v e r t  e l e c t r o n s  from the b e n z oy loxy  
r a d i c a l  to  the e f f e c t i v e  o x id a n t s  in  the system.
D . 2 . 2
C om pet i t ion  between benzene and p y r i d a z in e  on p h é n y l a t i o n  by b e n z o y l  
pe r c x i d e .
The r e s u l t s  in  Table XXI are c o n s i s t e n t  w i th  two s e p a r a te  t r e n d s ,  
(a )  The r e l a t i v e  r a te  i n c r e a s e s  when the c o n c e n t r a t i o n  o f  per ox id e  i s  
d e c r e a s e d  (exper im ents  58 -60  and 6 1 - 6 3 ) .  (b) The r e l a t i v e  r a t e
d e c r e a s e s  w i th  an i n c r e a s e  in  the b e n z e n e /p y r i d a z in e  r a t i o
( e x p e r im e n t s  61-63 and 6 4 - 6 5 ) .
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Comparison between the o the r  s e t s  o f  exper im ents  i s  no t  as s imple  
be c au se  more than one change (perox ide  c o n c e n t r a t i o n  and 
b e n z e n e /p y r i d a z  ine  r a t i o )  might have been  made, but  the  t rend s  confirm  
the above o b s e r v a t i o n .
Expt.
no.
Solvent
ratio*
w/w
4-Phenyl  
pyridazine  
y ie ld  (mg)
Biphenyl
y ie ld
(mg)
Rel.
rate
Partial
rate
factor
Benzoic 
acid  
y i e l d  1
Ester
y i e l d
(mg)
Total
y i e l d
(%)ll
55-57 0 .5 / 2 .5 31.08 78.36 2.14 6.42 85.34 5.73 51.0
58-60 0 . 5 / 5 . 0 17.73 129.30 1.39 4.17 80.43 4.76 56.7
61-63 0 . 5 / 5 . 0 13.46 54.61 2.48 7.44 67.41 6.60 73.1
64—66 0 .5 /10 .0 7.34 179.33 0.83 2.49 48.49 25.23 56.6
67-69 0 / 0 .6 - 94.25 - - 76.20 5.61 43.7
♦ pyridazine/benzene,  | (mg), | |  with respect  to  phenyl radica l .  
Only 0.167gm of  benzoyl peroxide was used in experiments 61-63.
The decomposition of  benzoyl peroxide (0.35gm) in mixtures of  benzene 
and pyridazine,  in varying molar ra t io s ,  under nitrogen at  80®C.
Table J H
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Benzoyl  perox id e  i s  known to  form complexes w i t h  t e r t i a r y
am ines^ , 114 I t  has been sugges ted  t h a t  the change in  r e l a t i v e  r a t e ,  
observed  when p y r i d in e  i s  pheny la ted  by benzenediazonium t e t r a — 
f l u r o b o r a t e ,  i s  due to  com p lexa t ion  o f  p y r i d in e  w i th  the a r y l a t i n g
a g e n t .  The complex has a g r e a t e r  r e a c t i v i t y  than the f r e e
h e t e r o c y c l e ,  s i n c e  the c o n c e n t r a t i o n  o f  the complex i s  g r e a t e r  when
the  c o n c e n t r a t i o n  o f  a r y l a t i n g  agent  i s  g r e a t e r ,  the r e l a t i v e  r a t e  o f  
p h é n y l a t i o n  o f  the h e t e r o c y c l e  w i t h  r e s p e c t  t o  the r a te  o f  p h é n y l a t i o n  
o f  b e n zene ,  w i l l  i n c r e a s e  as the c o n c e n t r a t i o n  of  the a r y l a t i n g  agent  
i s  i n c r e a s e d .  A s i m i l a r  mechanism may be o p e r a t in g  in  t h i s  system.
The y i e l d  of  b ip h e n y l  in  the dec o m p o s i t io n  o f  b enzoy l  p e r o x id e  in
benzene ( 8 0 °C ) ,  maximises  a t  a perox id e  c o n c e n t r a t i o n  o f  about 0.12M**.
I f  the y i e l d  o f  p h e n y lp y r id a z in e  in b e n z e n e -p y r id a z  ine m ix tur e s  used
m axim ises  a t  a c o n c e n t r a t i o n  h ig h e r  than the c o n c e n t r a t i o n  a t  which
the y i e l d  o f  b ip h e n y l  maximises ,  then  gPF^^^^^ine i n c r e a s e  as the
oenzene
c o n c e n t r a t i o n  o f  p h e n y la t in g  agent  i n c r e a s e s ,  from the o p t im i s i n g  
c o n c e n t r a t i o n  fo r  benzene ,  t o  the o p t im i s i n g  c o n c e n t r a t i o n  for  
p y r id a z  i n e .
We have a l re a d y  shown th a t  the c o e f f i c i e n t  o f  the LIBIO of  the  
carbon atoms in  the p y r i d a z in e  dimer i s  almost  e n t i r e l y  on the  
p o s i t i o n  correspond in g  t o  the 4 - p o s i t i o n  o f  p y r i d a z i n e .  Since  no 
d i s c r e t e  dimer i s  p r e s e n t ,  the a s s o c i a t i o n  probably  i n v o l v e s  l o o s e  
n -  7T o v e r l a p .  Such an over lap  would i n c r e a s e  the e x t e n t  o f  o r b i t a l  
c o n t r o l  ( S e c t i o n  D .1 6 .6 )  in  the r e a c t i o n ,  and i n c r e a s e  the r e a c t i v i t y  
o f  4 -  and 4 - '  p o s i t i o n s  o f  the dimer r e l a t i v e  to  the 4 - p o s i t i o n  i n  
p y r i d a z i n e .  As more benzene i s  added, t h i s  a s s o c i a t i o n  would d e c r e a s e  
( t h e r e  would s t i l l  be c o n s id e r a b l e  a s s o c i a t i o n  s i n c e  the y i e l d  o f
3 - p h e n y I p y r id a z i n e  i s  s t i l l  n e g l i g i b l e ) ,  l e a d in g  t o  reduced r e a c t i v i t y  
and reduced r e l a t i v e  r a t e s  o f  p h é n y l a t i o n .
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The y i e l d  o f  b e n z o ic  ac id  d e c r e a s e s  as (a) the i n i t i a l  
c o n c e n t r a t i o n  o f  perox id e  d e c r e a s e s  and (b) the r a t i o  o f
pyr idaz in e /b e n z e n e  d e c r e a s e s .  As the b e n z o y l  perox id e  c o n c e n t r a t i o n
i s  d e c r e a s e d ,  the c o n c e n t r a t i o n  o f  b enzoy loxy  r a d i c a l s  w i l l  a l s o  
d e c r e a s e ,  l e a d in g  to  lower a b s o l u t e  y i e l d s  o f  b e n z o ic  a c i d .  However,  
as the b e n z oy l  perox id e  c o n c e n t r a t i o n  d e c r e a s e s , the r a t i o  o f  p e r o x id e  
to  h e t e r o c y c l e  w i l l  d e c r e a s e .  R e a c t io n s  (b) and ( c ) ,  w i l l  t h e r e f o r e ,
i n c r e a s e  w i t h  r e s p e c t  to  r e a c t i o n  ( a ) .  Th is  w i l l  l ead  t o  the  h ig h e r
b e n z o ic  a c id  y i e l d s ,  wi th  r e s p e c t  to  b e n z o y l  p e r o x id e ,  observed .
D .2 .3
C om pet it ion  between p y r id a z in e  and benzene for  nheny l  r a d i c a l s  in  the  
pre sen ce  o f  c o p p e r ( I l ) b e n z o a t e .
Expt.
no.
Pyridazine
/benzene
w/w
4-Phenyl 
pyridazine  
y ie ld  (mg)
Biphenyl
y i e ld
(mg)
Rel.
rate
Part ial
rate
factor
Benzoic
acid
yield*
Ester
yie ld
(mg)
Total
y i e l d
(%)**
70-72 1/2 .5 33.24 54.74 1.54 4.62 86.89 8.23 45.7
73-75 0 .5 / 2 .5 29.89 80.07 1.89 5.67 86.83 2.23 49.6
76-78 0 .5 / 2 .5 15.42 45.38 1.72 5.16 69.23 1.93 67.2
43-45 1 /5 .0 24.89 94.20 1.34 4.02 23.47 10.12 51.9
79-81 1/10 .0 8.57 157.03 0.55 1.66 56.97 2.32 53.6
* (mg)
*♦ with respect  to  phenyl radical
Only 0.175gm of  benzoyl peroxide was used in experiments 76-78.
The decomposition of benzoyl peroxide (0,35gm) in mixtures of  benzene 
and pyridazine under nitrogen at  80®C.Copper(II)benzoate(5mg) was added.
Table XXII
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There are no marked d i f f e r e n c e s  between the r e s u l t s  o b ta in ed  in  
the absence o f  copper and th ose  in  the p r esen ce  o f  copper .  The trends  
observed  in  Table XXI can a l s o  be found in  Table XXII.
The e f f e c t  o f  change o f  perox id e  c o n c e n t r a t i o n  ( exp er im ents  73-75
and 76—7 8 ) ,  and change o f  benzene t o  pyridazine'  r a t i o  ( exp er im ents
76 -7 8  and 4 3 - 4 5 ) ,  are not as d r a s t i c  in  the p r esen ce  o f  c o p p e r ( I I ) -  
b e n z o a t e .
The on ly  exper im ents  t h a t  can be d i r e c t l y  compared, are  
e x per im en ts  55-57 in  Table XXI and exper im ents  73-75 in  Table XXII.  
As in  the case  o f  p y r i d i n e ,  the i n c l u s i o n  o f  c o p p e r ( I I ) b e n z o a t e  
r e s u l t s  in  a d e c r ease  in  the r e l a t i v e  r a te  o f  p h é n y l a t i o n  of  
p y r i d a z i n e  with r e sp e c t  t o  benzene .  This  i s  because
c o p p e r ( I l ) b e n z o a t e  i s  an e f f e c t i v e  c a t a l y s t  in  the p h é n y l a t i o n  of
benzene but an i n e f f e c t i v e  c a t a l y s t  in  p y r i d a z i n e .  Hence,  on ly  the  
y i e l d  o f  b ip h e n y l  w i l l  be in c r e a s e d  in  the presen ce  of  
c o p p e r ( I l ) b e n z o a t e ,  l ead ing  t o  r e d u c t i o n  of oenzene
Since  copper complexes w i th  p y r i d a z i n e ^ ’ *, i t  w i l l  compete w i th  
b e n z o y l  perox id e  for  p y r i d a z i n e ,  the c o n c e n t r a t i o n  o f  b e n z oy l
p e r o x i d e - p y r i d a z i n e  complex w i l l ,  t h e r e f o r e ,  be lower  in  exper im ents  
where copper has been added.  The change in  r e l a t i v e  r a t e s  d i r e c t l y  
a t t r i b u t a b l e  to  t h i s  complexat ion ,  between b e n z o y l  p e r o x id e  and 
p y r i d a z i n e  ( S e c t i o n  D . 2 . 2 ) ,  w i l l  a l s o  be lower .
Since  c o p p e r ( I I )  a lre ad y  g i v e s  h ig h e r  y i e l d s  o f  b e n z o i c  ac id  than  
i n  the u n c a t a ly s e d  exper im ents  ( exper im ents  4 3 - 4 5 ) ,  r e d u c t i o n  of  
b e n z o y l  p e r o x id e  c o n c e n t r a t i o n s  does not  in c r e a s e  the y i e l d  o f  b e n z o i c  
a c i d ,  w i t h  r e s p e c t  to  perox id e  c o n c e n t r a t i o n ,  as much as in  the  
absence  o f  c o p p e r ( I I ) .
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The change in  r e l a t i v e  r a t e s  w i t h  in c r e a s e d  r e l a t i v e  amount o f  
benzene and h e t e r o c y c l i c  compound d i f f e r s  f o r  p y r i d in e  and p y r i d a z i n e .  
We have e a r l i e r  ( S e c t i o n  D.2)  s u g g e s te d  t h a t  N—N i n t e r a c t i o n s  are  
p r e s e n t  in  both  p y r i d in e  and p y r i d a z in e  and cause s t e r i c  hindrance to  
a t t a c k  at  the p o s i t i o n  orth o-  t o  n i t r o g e n  in  bo th  t h e se  h e t e r o c y c l e s .  
As the b e n z e n e / h e t e r o c y c l e  r a t i o  i s  i n c r e a s e d ,  the r e l a t i v e  amounts o f  
such d im e r ic  s p e c i e s  w i l l  f a l l  in both  c a s e s ,  thereby  f a c i l i t a t i n g  
a t t a c k  at  the o r t h o - p o s i t i o n .  However, s i n c e  the p a r t i a l  r a te  f a c t o r
a t  the 2 - p o s i t i o n  i s  high in  p y r i d i n e ,  and the p a r t i a l  r a te  f a c t o r  in
the  3 - p o s i t i o n  i s  minute in  p y r i d a z i n e ,  t h i s  d e crease  c auses  an 
i n c r e a s e  in r e l a t i v e  ra te  in p y r i d i n e ,  but  not  in  p y r i d a z i n e .
On t h i s  b a s i s ,  an i n c r e a s e  in  the b e n z e n e / h e t e r o c y c l e  r a t i o  
i n c r e a s e s  the r e l a t i v e  r a te  on ly  in  the c a s e s  where the p o s i t i o n
o r t h o -  to  n i t r o g e n  i s  r e a d i l y  a t ta c k e d  but  not  in  o t h e r  c a s e s .
D.3
The d e c ompo s i t i o n  o f  benzoy l perox id e  in  p y r a z i n e .
D.3 .1
T h e o r e t i c a l  p r e d i c t i ons for  the r e a c t i v i t y  o f  p y r a z i n e .
Due to  the symmetry in the p y r a z in e  m o l e c u l e ,  a l l  the carbon  
atoms in the molecule  are e q u i v a l e n t .  The r e a c t i v i t y  parameters
c a l c u l a t e d  by INDO*’ * methods p r e d i c t  a p a r t i a l  r a te  f a c t o r  f o r  each  
o f  the p o s i t i o n s  in pyraz in e  s i m i l a r  to  the p a r t i a l  r a te  f a c t o r  f o r  
the  2 - p o s i t i o n  o f  p y r i d i n e .
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Free v a l e n c e  =
T o ta l  Charge D e n s i ty  =
C o e f f i c i e n t  f o r  LUMO =
L o c a l i s a t i o n  energy ( E l e c .  En.)  =
L o c a l i s a t i o n  energy (Tot .  En.)  =
0 .4313
3 .8685
0 .2 9 4 8
- 1 1 4 .1 9 9 2  A.U. 
- 0 . 6 8 8 4  A.U.
I a b l e _ n i I I
E e a ç t i v i t y _ g f _ p y r a z i n e _ a s _ ç a l c n l a t e d _ ^ _ I N D O ^ _ m e t h g d ^ ^
D.3 .2
T ^ G _ e f f e c t _ g f _ a d d i t i y e s  i n  t h e  d e c o m p o s i t i o n  o f  b e n z o y l  p e r o ^ d e  i n
P ï i a z i n e ^
Pyr az in e  i s  a much weaker base than p y r i d i n e ’ *^* and norm ally  
behaves  as a monoacidic  b a s e ^ * ’ .
On the b a s i s  o f  a d d i t i v i t y  ( S e c t i o n  D . 2 ) ,  g P y r a z i n e  b e
oenzene
3 . 4 6 .
Expt. 
no.
Additive
(5mg)
Phenyl 
pyrazine 
y ie ld  (mg)
Biphenyl
y i e ld
(mg)
Rel.
rate
Part ia l
rate
factor
Benzoic 
acid 
y ie ld  I
Ester
y ie ld
(mg)
Total
y i e l d
( % ) l l
82-84 none 93.60 74.15 6.40 9.6 76.00 19.72 62.4
85-87 Coppe r* 115.52 85.77 6.82 10.23 102.59 3.3 74.7
88-90 Iron** 86.89 73.97 5.95 8.93 73.23 7.78 57.9
91-93 M.D.B.t 93.68 75.65 6.28 9.42 84.50 3.6 59.4
94-96 P.F.N.B.I 77.28 73.87 5.29 7.94 79.23 3.71 54.6
Benzoyl peroxide (0.35gm) was decomposed in mixtures of  
benzene( 2 .5gm) and pyrazine(0.5gm), under nitrogen at  80®C. 
Experiments 85-96 had addit ives  (5mg).
I (mg), I I  with respect  to phenyl radica l ,  ♦ copper(Il)benzoate,
♦♦ f e r r i c  benzoate,  t meta-dinitrobenzene, i  pentafluronitrosobenzene.
Table XXIV
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The r e l a t i v e  r a t e s  observed in  Table XXIV are h ig h e r  than those  
p r e d i c t e d  by the a d d i t i v i t y  r u l e .
The r a t i o  o f  pyr az in e  to  benzene ( 1 :5 )  in  th e se  exper iments  i s  
l e s s  than th a t  used w i th  p y r i d i n e .  Since benzene competes  
i n e f f e c t i v e l y  wi th  4 - m e t h y lp y r id in e  ( S e c t i o n  D .1 . 1 . 1 . 5 ) ,  the y i e l d  o f  
bip h e n y l  w i l l  not  be as high  as the benzene t o  pyraz in e  r a t i o  s u g g e s t s ,  
This w i l l  l ead  to  h ig h e r  apparent r e l a t i v e  r a t e s .  The i n c r e a s e  in  
r e l a t i v e  r a t e s  obta in ed  are however much h ig h e r  than th ose  o b ta in ed  in  
the case  o f  p y r i d a z i n e .  However, the s u r p r i s i n g l y  low r e a c t i v i t y  o f  
the 3- p o s i t i o n  o f  p y r i d a z in e  makes i t  a s p e c i a l  c a s e ,  the p a r t i a l  r a te  
f a c t o r  o f  the  4 - p o s i t i o n  o f  p y r i d a z in e  i s  h i g h e r  than the p r e d i c t e d  
va lu e  by a s i m i l a r  amount t o  t h a t  observed in  p y r a z in e .
S ince  the y i e l d s  o f  b i a r y l  and b e n z o ic  ac id  in  pyraz in e  and 
benzene m ix tur e s  are h ig h e r  than t h a t  ob ta in ed  in  pure benzene .  There  
must be o x i d i s i n g  agents  p r e s e n t  in  t h i s  system which are more 
e f f i c i e n t  than the o x i d i s i n g  agents  p r e s e n t  in  b e n z e n e . The redox  
p o t e n t i a l  o f  the sigma r a d i c a l /p h e n y I p y r a z in e  couple can be compared 
t o  th a t  o f  the known ox id a n ts  p r e s e n t  in  the system (Table XXV).
pheny Ipyraz ine + H^ + e- ------> Sigma conplex E = -41.33 e.v.
-ve biphenyl + H^ + e - ------> Sigma cccplex E = -38.67 e.v.
E benzoyl peroxide + H^ + e- > benzoic acid E = 33.54 e .v.  
+ benzoyloxy radical
+ve benzoyloxy radical + H + e- ------> benzoic acid E = -  7.23 e.v.
PhjN-0* + H^ + e - ------> Ph^ N-CB E = +5 .98  e .v.
+ e- Cu"^ E® = 40.15 e .v.
+ e- E® = 40.77 e .v .
Table XXVT
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Since  the a d d i t i v e s  [ except  c o p p e r ( I I ) ] are not  e f f e c t i v e  in  
i n c r e a s i n g  h i a r y l  y i e l d s  the e f f e c t i v e  o x i d a n t s  must have a redox  
p o t e n t i a l  h igh e r  than +5 .9 8  e . v .
The redox p o t e n t i a l s  o f  the Cu^^/Cu^ and the Fe^^/Fe^^ c o u p le s  
cannot  be d i r e c t l y  compared w i th  the redox p o t e n t i a l s  f o r  the o th e r  
c o u p l e s  g i v e n  in the t a b le  ( S e c t i o n  D .1 . 1 . 1 ) .  The v a l u e s  g iv en  are  
r e l a t i v e  to  the hydrogen e l e c t r o d e  and r e l a t e  to  s p e c i f i c  aqueous  
s o l u t i o n s  o f  copper i o n s .  I f  the i n c r e a s e d  p h e n y lp yr az in e  y i e l d  in  
the p r e s en ce  o f  c o p p e r ( I l ) b e n z o a t e  i s  due to  the a d d i t i v e  o x i d i s i n g  
the correspond in g  sigma complexes more e f f i c i e n t l y  than the o x i d a n t s  
n orm al ly  p r e s e n t  in  the sys tem, then  the p o s i t i o n  o f  the Cu /Cu 
c ou p le  in  our sys tem w i l l  be more p o s i t i v e  than t h a t  o f  the normal 
o x i d a n t s .
D. 3 . 2  .1 The_E ffee t  o f .C opper ( I I )benz o a t e .
C o p p e r ( I I )b en zo a te i s  the on ly  a d d i t i v e  that  i n c r e a s e s  the y i e l d s
o f  b i a r y l s .  Since  c o p p e r ( I I ) b e n z o a t e  i s  i n e f f e c t i v e  in c a t a l y s i n g  the
o x i d a t i o n  of  o th e r  h e t e r o c y c l i c  sigma complexes to  t h e i r  corresponding
b i a r y l s  (Tab les  XII and XIX) i t  appears t h a t  in  the presen ce  of  
2 + +p y r a z i n e ,  the Cu /Cu couple  (probably  complexed to  pyraz in e  in  some 
form) has a h i g h e r  redox p o t e n t i a l  than in  the o ther  s y s te m s .  The 
phenyIpyr idaz  in e /s igm a  complex couple  must have a redox p o t e n t i a l  
which i s  in te r m e d ia te  between +5 .9 8  e . v .  and the va lue  o f  the
2+ 4-Cu /Cu c o u p l e .  However, whether t h e i r  r e l a t i v e  p o s i t i o n s  i s  due t o
2 + +an u n u s u a l l y  p o s i t i v e  va lue  o f  the Cu / Cu couple  in  t h i s  case  or the  
u n u s u a l l y  n e g a t i v e  va lue  o f  the p y r a z in e / s ig m a  complex i s  not  known.
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Copper g e n e r a l l y  forms y e l l o w  or orange complexes with, 
pyraz i n e ^ , hut  c o p p e r ( I l ) b e n z o a t e  d i s s o l v e d  p a r t i a l l y  in  exper im ents  
85-87  to  g i v e  a blue  co lou r  very  s i m i l a r  to  the c o lou r  o b ta in ed  when 
i t  i s  d i s s o l v e d  in benzene .
The in c r e a s e d  y i e l d s  o f  b e n z o ic  ac id  in the pre sen ce  o f
c o p p e r ( I l ) b e n z o a t e  i s  aga in  due to  complexet i o n  o f  c o p p e r ( I I )  w i th  
b e n z o y lo x y  r a d i c a l s  ( S e c t i o n s  D .1 . 1 . 1 . 1  and D . 2 . 1 . 1 ) .
D. 3 . 2  .2 T h e _ e f f e g t .  o f  i r o n ( I I ) b e n z o a t e .
I r o n ( I I ) b e n z o a te  i s  i n e f f e c t i v e  as an ox idant  in  t h i s  sys tem .  As 
in  the case  of  p y r i d in e  and p y r id a z in e ,  i r o n ( I I ) b e n z o a te  reduces  the  
b e n z o i c  a c id  y i e l d s .  Back donat ion  of  j i - e l e c t r o n s  from p yr a z in e  to  
i r o n  w i l l  be g r e a t e r  f o r  pyraz in e  than fo r  p y r i d i n e .  As in  the case  
o f  p y r i d i n e  ( S e c t i o n  D .1 . 1 . 1 . 2 ) ,  i r o n ( I I )  may compete w i t h  b e n z o y l
p e r o x id e  f o r  p y r a z in e .  This  w i l l  reduce the y i e l d  o f  pheny lpyraz  ine
and hence the y i e l d  o f  benzo ic  a c id .
D. 3 . 2  .3 The e f f e c t  o f  met a - d i n i t r o b e nzene.
M e^a-d in i trobenzene  i s  i n e f f e c t i v e  as a c a t a l y s t  i n  t h i s  system.  
D.3 .2 .4 The e f f e c t  o f  -pentaf lu o r o n i t r o s o b e n z en e  .
N i t r o s o b e n z e n e , and by e x t e n s i o n  p e n t a f l u o r o n i t r o s o b e n z e n e , 
sc a v e n g e s  phenyl  r a d i c a l s  to  form diph e n y I n i t r o x i d e
( d i p h e n y l p e n t a f l u o r o n i t r o x i d e  in the l a t t e r  c a s e ) .  D i p h e n y I n i t r o x i d e  
i n t e r a c t s  w i t h  b e n z oy loxy  r a d i c a l s  l e a d in g  to  i n c r e a s e d  b e n z o i c  a c id  
y i e l d s  a t  the expense o f  bo th  b i a r y l s  and e s t e r s .
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A l l  the a d d i t i v e s  reduce the form at ion  o f  e s t e r s .  Whether t h i s  
i s  due to  a reduced form at io n  o f  e s t e r s ,  or i n c r e a s e d  s id e  r e a c t i o n s  
o f  the e s t e r s  i s  not  known.
D.3 .3
Cpmpe_t i t i ou  be tween pyraz ine and benz ene i n t h e i r  p h é n y l a t i o n  by
be nz gy 1 _pe
Two t rend s  are apparent in  these  r e a c t i o n s .
Eq)t.
no.
lyrazine
/Benzene
nfSol/nfiol
Phenyl 
pyrazine 
yield (mg)
Biphei^l
yield
(ng)
Rel.
rate
Partial
rate
factor
Benzoic 
acid 
yield 1
Ester
yield
(mg)
Total
y ield
(%)!!
82-84 6.25/64.1 93.60 74.15 6.40 9.6 76.00 19.72 62.4
97-99 1 9 67.73 107.27 6.48 9.72 62.74 10.29 58.6
100-102* f  9 30.05 58.63 5.28 7.92 57.16 19.93 83.8
103-105 6.25/128.21 44.39 121.77 7.39 11.09 38.04 12.40 50.2
67-69 0/76.92 - 94.25 - - 76.20 5.60 43.7
I (mg), I I  with respect to pheryl radical,
♦ 0.167gm of benzoyl peroxide were used in these e:q>eriments,
Thg_j^gnmnosition of benzovl peroxide (0.3Sgm) in mixtures of benzene and pyrazine 
( in varying molar ratios.)  under nitrogen at 80®C for 24hrs.
Thble XXVn
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(a)  The r e l a t i v e  ra te  d e c r e a s e s  as the i n i t i a l  c o n c e n t r a t i o n  o f  
p e r o x id e  d e c r e a s e s  (exper iments  97 -99  and 1 0 0 - 1 0 2 ) .
Benzoyl  perox id e  can form complexes w i th  pyraz in e  ( S e c t i o n  
D . 2 . 2 )  .
As the c o n c e n t r a t io n  of  the perox id e  d e c r e a s e s ,  the c o n c e n t r a t i o n  
o f  the complex a l s o  d e c r e a s e s .  I f  the complex i s  more r e a c t i v e  
towards phenyl  r a d i c a l s  than the f r e e  s u b s t r a t e ,  then  t h i s  w i l l  a l s o
cause  a d e c r ease  in ine^
b e n z e n e
I f ,  as seems l i k e l y ,  the y i e l d  o f  b ip h e n y l  form at ion  and the  
y i e l d  o f  phenyIpyraz ine form at ion  o p t im i s e s  at  d i f f e r e n t  per ox id e  
c o n c e n t r a t i o n ,  then v a r i a t i o n  o f  perox id e  c o n c e n t r a t i o n  w i t h i n  th e se  
p e r o x id e  c o n c e n t r a t i o n s  w i l l  cause s i g n i f i c a n t  changes in r P y r a z i n e
> e n z e n e
(b)  The r e l a t i v e  r a te  i n c r e a s e s  as more benzene i s  added (exper iments
100 -102  and 1 0 3 - 1 0 5 ) .  Pyraz ine  i s  much l e s s  v o l a t i l e  than e i t h e r
be n z e n e ,  or p y r i d in e  (pyraz ine  i s  a low m e l t in g  p o i n t  s o l i d ) .  This
s u g g e s t s  th a t  some forms o f  i n t e r m o le c u la r  a s s o c i a t i o n s  are p r e s e n t  in
p y r a z in e  which are s tr on ge r  than those  p r e s e n t  in benzene or p y r i d i n e .
Such i n t e r a c t i o n s  (probably in v o lv i n g  the n i t r o g e n  atoms) can cause
s t e r i c  hindrance to  s u b s t i t u t i o n  r e a c t i o n s .  A l l  o f  the carbons in
p y r a z in e  are o r t ho-  to  one o f  the n i t r o g e n  atoms and are l i k e l y  to  be
a f f e c t e d  by such i n t e r a c t i o n s .  As benzene i s  added th e se  i n t e r a c t i o n s
w i l l  d e c r e a s e  l ea d in g  to  h ig h e r  v a l u e s  f o r  gTyi"&zine Complexation of
b e n z e n e
the  above type have been sugge s te d  by Rondestvedt  and Blanchard^’ *.
Benzene does not  compete e f f e c t i v e l y  with 4 - m e t h y lp y r id in e  
( S e c t i o n  D .1 . 1 . 1 . 5 ) .  S i m i l a r  i n e f f e c t i v e n e s s  i s  seen  in  the case  o f  
p y r i d i n e  and p y r i d a z i n e ,  and i s  presumably the case  w i th  n i t r o g e n  
h e t e r o c y c l e s  in  g e n e r a l .  Hence an i n c r e a s e  in  the benzene to  p yr a z in e
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r a t i o  w i l l  not  l ead  to  i n c re a s e d  b ip h e n y l  y i e l d s ,  and w i l l  l ead  t o  an
i n c r e a s e  in gPY^^zine 
oenzene
The y i e l d  o f  b e nzo ic  ac id  d e c r e a s e s  as the b e n z o y l  pe r ox id e  
d e c r e a s e s .  Such a change would be expected  on the b a s i s  o f  the  
k i n e t i c s  o f  b e n z o ic  ac id formation in  the de c o m p o s i t io n  o f  b enzoy l  
p e r o x id e  in benzene** .  However, in  the pr e sen ce  o f  p y r a z in e ,  a 
d e c r e a s e  in benzoy l  perox id e  c o n c e n t r a t i o n  r e s u l t s  in an i n c r e a s e  in  
the  r a t i o  o f  pyraz in e  to  benzoy l  p e r o x id e .  This  w i l l  l ead  to  g r e a t e r  
induced dec o m p o s i t io n  of  benzoy l  per ox id e  ( c . f .  Scheme XVII) ,  and 
hence g r e a t e r  b e n z o ic  ac id  y i e l d s .  Thus, though the a b s o l u t e  y i e l d  o f  
b e n z o i c  ac id  i s  reduced from 62 .74  mg (exp er im ents  97-99)  t o  5 7 .1 6  mg 
( ex p e r im e n t s  1 0 0 - 1 0 2 ) ,  as the b enzoy l  perox id e  c o n c e n t r a t i o n  i s  
reduced ,  the y i e l d  o f  b e n z o ic  a c id ,  w i t h  r e s p e c t  to  phenyl  r a d i c a l s  
o b t a i n a b l e  from benzoyl  p e r o x id e ,  i s  in c r e a s e d  from 17.77% 
( e x p er im e n ts  97-99)  to  34.26% (exper iments  1 0 0 - 1 0 2 ) .
The y i e l d  o f  ben z o ic  ac id  d e c r e a s e s  as the r a t i o  o f  benzene to  
p y r a z in e  i n c r e a s e s .  There are two reasons  for  t h i s .  (a)  The b i a r y l  
y i e l d ,  and presumably the format ion  o f  s igm a-com p le xes , d e c r e a s e s  w i th  
an i n c r e a s e  in benzene to  pyraz in e  r a t i o .  Since  hydrogen a b s t r a c t i o n  
from s igm a-com plexes ,  by b e nzoy loxy  r a d i c a l s ,  i s  a major source  o f  
b e n z o i c  a c i d ,  t h i s  w i l l  lead to  reduced y i e l d s  o f  b e n z o ic  a c i d .  (b) As 
the  benzene to  pyraz in e  r a t i o  i s  i n c r e a s e d ,  the  e x t e n t  o f  induced  
d e c o m p o s i t io n  o f  benzoy l  perox id e  by p y r a z in e  w i l l  a l s o  d e c r e a s e .  As 
t h i s  dec o m p o s i t io n  l ead s  t o  g r e a t e r  y i e l d s  o f  b e n z o i c  ac id  than the  
mode o f  d ecom p os i t ion  analogous  to  Scheme XV, the o v e r a l l  y i e l d  o f  
b e n z o i c  ac id  w i l l  be reduced.
The changes in  y i e l d s  o f  e s t e r s ,  w i t h  changes in e i t h e r  p e r o x id e  
c o n c e n t r a t i o n ,  or s o l v e n t  r a t i o ,  i s  e r r a t i c .  Since  the e xac t  nature  o f  
t h e s e  e s t e r s  i s  not  known i t  i s  d i f f i c u l t  t o  draw any c o n c l u s i o n s  from 
t h e s e  changes .
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D.4
I h e _ d e ç g n r p o s i t ig n _ o f_ b e n z g i l_ p e r o x id e  in p y r i mid ine .
D .4 .1
f G c t _ g f _ a d d i M v e s _ i n _ t h e  de c ompos i t  i o n o f  b e n z oy l  p e rox id e  in
m iim idine^
The a d d i t i v i t y  ru le  ( S e c t i o n  D.2) p r e d i c t s  t h a t  gPY:rimidine
oenzene
should  be 5 .2 1  on the b a s i s  o f  the p a r t i a l  r a te  f a c t o r s  c a l c u l a t e d  f o r  
p y r i d i n e  (exp er im ents  19 -21 ,  Table XV).
Expt.
no.
Additive Fheryl
jXTimidi™»
Bqieryl
yield
Rel.
rate
Isaner dist.* 
/p.r.f.
Benzoic
acid
yield!
Ester
yield
ng
Tbtal
yield
(%)!!jdeld**
105-108 none 11.54 3921 1.49 42.33 53.41 4.26 
Z3.78 Z2.39 /0.38
39.31 4.52 46.6
109-111 ooppert 13.06 ^.31 1.57 41.39 52.29 632  
/3.90 /2.46 /0.60
44.23 2.73 50.89
112-114 iront t 12.90 AIM 1.60 42.66 54.89 2.45 
/4.10 72.63 70.24
39.13 4.52 47.92
115-117 M.D.B.I 13.81 40.23 1.73 3823 55.76 6.01 
73.97 72.89 70.62
40.08 3.22 47.99
118-120 P.F.N.BJ 11.21 39.23 1.45 39.46 5421 6.33 42.16 3.09 47.64
Benzoyl peroxide (0.175gm) was decccposed in mixtures of 
benzene (1.25gm) and pymidine(0.25gm), under nitrogen at 80®C 
Experiments 109-120 had additives (5qg).
* percentage, ♦♦mg, 1 mg, II with respect to phenyl radical, 
t copper(in)benzoate, ttiron(III)benzoate, Imeta-dinitrobenzene, 
jÇ(pentaf luoronitrosobenzene,
Table XXVIII
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In c o n t r a s t  to  the exper im ents  w i th  the o th e r  h e t e r o c y c l e s  
( p y r i d i n e ,  p y r i d a z in e  and p y r a z i n e ) ,  g ^ ^ t e r o c y c le  p y r im id ine  i s
tenzene
lower  than t h a t  p r e d i c t e d  by the a d i t i v i t y  r u l e .
2-phenyIpyrimidine + + e -  > Sigma cccçlex E = -42.25
5-phenyIpyrimidine + + e -  > Sigma cotcplex E = -42.20
4-phenylpyrimidine + + e-  > Sigma complex E = -41.68
-ve biphenyl + + e-  > Sigma complex E = -38.67 e.v.
benzoyl peroxide + + e- ------> benzoic acid E = -33.54 e.v.
+ benzoyloxy radical
•+ve benzoyloxy radical + ff*" + e - ------> benzoic acid E = -  7.23 e.v.
PhjN-Q* + H*’ + e—  > Ph2N-CB
Qj2+ + e - ----- > Cu""
E = + 5.98 e.v.
E® = 40.15 e.v.
+ e -   > Fe^ "*" E® = 40.77 e.v.
Table XXK
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The redox p o t e n t i a l s  o f  the p he nyIp yr im id ine /s igm a—complexes are  
more n e g a t i v e  than those  fo r  the o th e r  h i a r y l / s i g m a - c o m p l e x e s  
s tu d ie d  [ e x c e p t  f o r  the 4 -phenyIpyr id az  in e /s igm a-com plex  couple  (E= 
—4 1 .8 5  e . v . ) ,  which has a more n e g a t i v e  va lue  than t h a t  f o r  the
4 - p h e n y lp y r im id in e / s ig m a -c o m p le x  couple  (E= - 4 1 . 6 8  e . v . ) ] .  The f r e e
v a l e n c e  numbers, the t o t a l  charge d e n s i t i e s ,  and the l o c a l i s a t i o n  
e n e r g i e s  c a l c u l a t e d  by INEK)*** methods,  a l s o  p r e d i c t  a g r e a t e r  
r e a c t i v i t y  for  pyr im id ine  than fo r  p y r i d i n e .
r qr Fr c L.E.(E.E.)
(A.U.)
L.E. (T.E.) 
(A.U.)
2 3.6890 0.4514 0.0081 -117.1092 -0.7243
4 3.7850 0.4369 0.5565 -116.2427 -0.6991
5 4.0472 0.4220 0.0054 -115.3406 -0.7040
r = position on pjTrimidine
qr = total electron charge density
c = coefficient of LIhD for pyrimidine on at cm r
L.E.CE.E.) = Localisation energy (calculated from electronic energy) 
L.E.(T.E.) = Localisation energy (calculated from total energy)
Table XXX.
R e a c t i v i t v  p arameters  for  pyr im i dine as c a l c u l a t e d  by INDO^** m ethods .
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I t  appears ,  t h e r e f o r e , t h a t  the redox p o t e n t i a l s  o f  the o x id a n t s  
norm ally  p r e s e n t  in p y r im id in e ,  must have a redox p o t e n t i a l  va lu e  more 
n e g a t i v e  than t h a t  o f  the o x id a n t s  norm ally  p r e s e n t  in  the o ther  
h e t e r o c y c l e s .  The f a c t  th a t  the a d d i t i v e s  do have some c a t a l y t i c  
e f f e c t  in  pyr im id ine  conf irms t h i s  h y p o t h e s i s .
The a d d i t i v i t y  r u le  ( S e c t i o n  D.2)  p r e d i c t s  t h a t  f o r  pyr im id in e ,  
F2 = 8 .2 9 ;  F4 = 5 .7 0 ;  F5 = 3 . 2 4 .  Though the numerical  v a l u e s  f o r  the  
p a r t i a l  r a te  f a c t o r s  ob tained  are lower  than t h o s e  p r e d i c t e d ,  the order 
o f  r e a c t i v i t i e s  (2 ->4~>5-)  p r e d i c t e d  i s  the same as the order observed  
e x p e r i m e n t a l l y .  Th is  i s  the same order t h a t  i s  p r e d i c t e d  by the f r e e  
v a l e n c e  numbers and t o t a l  e l e c t r o n  charge d e n s i t i e s  obta in ed  by INDO 
c a l c u l a t i o n s  (Table XXX). However, t h e o r e t i c a l  c a l c u l a t i o n s  by 
Davies*®® p r e d i c t  the order o f  r e a c t i v i t y  to  be 2 - > 4 - > 5 -  on the b a s i s  
o f  e l e c t r o n  charge d e n s i t i e s ,  but  an order  o f  4 - > 2 - > 5 -  on the b a s i s  o f  
f r e e  v a l e n c e  numbers.
r qr Fr f . e . d .
2 0 .8 7 8 0 .0 92 0 .2 41
4 0 .884 0 .0 9 9 0 .4 3 7
5 0 .973 0 .0 8 4 0 .3 87
r = p o s i t i o n  on pyrimidine
qr = e l e c t r o n  charge d e n s i t y  a t  r th  p o s i t i o n
f . e . d  = f r o n t i e r  e l e c t r o n  d e n s i t y  f o r  p y r im id ine
HiAnrmfirml param eters of  r e a c t i v i t y  as c a l c u l a t e d  by_Dayies*g.°
T ab le  X
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D e s p i t e  both methods (our own and t h a t  o f  Davies*®®) showing a 
h ig h  c o e f f i c i e n t  o f  the f r o n t i e r  e l e c t r o n  d e n s i t y  on the 4 - p o s i t i o n ,  
i t  i s  the 2 - p o s i t i o n  tha t  i s  found t o  be the most r e a c t i v e .  This  
s u g g e s t s  t h a t  the p h é n y l a t io n  o f  pyr im id ine  by b e n z oy l  per ox id e  ( i n  
our sys tem) i s  charge c o n t r o l l e d  r a th e r  than o r b i t a l  c o n t r o l l e d  
( S e c t i o n  D.16 . 6 ) .
D . 4 . 1 . 1  Th e e f f e c t  o f  C o n n e r ( I I ) b e n z o a t e .
Contrary to what was observed in  the o t h e r  h e t e r o c y c l e s
( p y r i d i n e ,  p y r i d a z in e  and p y r a z in e )  c o p p e r ( I I ) b e n z o a te  i s  an e f f e c t i v e
2+ +c a t a l y s t  in  the p h é n y l a t io n  of  p y r im id in e .  The Cu /Cu redox couple  
in  t h i s  system must have a redox p o t e n t i a l  more p o s i t i v e  than t h a t  o f  
the o x i d a n t s  p r e s e n t  in  the u n c a t a ly s e d  sys tem . The mode o f  c a t a l y s i s  
by c o p p e r ( I I )  i s  presumably analogous  to  Scheme V I I I .
. C op p e r ( I I )  i n c r e a s e s  the y i e l d  o f  b i a r y l  by o x i d i s i n g  the  
c o r re s p o n d in g  sigma complexes.  This l e a d s  to  in c r e a s e d  y i e l d s  o f  
b e n z o i c  a c i d .  Since  copper complexes w i t h  b e nzoy loxy  r a d i c a l s ,  i t  
w i l l  f a c i l i t a t e  the induced decom p os i t ion  o f  b e n z oy l  pe r ox id e  by 
p y r im id in e  ( c . f .  Scheme X V II ) .T h is  mechanism l e a d s  to  enhanced  
b e n z o i c  a c id  y i e l d s .
The p r o p o r t io n  of  5-phenyIpyr im idin e  i s  i n c r e a s e d  in  the p r esen ce  
o f  c o p p e r ( I I ) .  Copper a l s o  had a s i m i l a r  e f f e c t  i n  the p h é n y l a t i o n  o f  
p y r i d i n e  where the prop or t ion  o f  the meta- i s o m e r  was i n c r e a s e d .  I t  
has been  shown*® t h a t  in  the p h é n y l a t i o n  o f  4 - m e t h y lp y r i d i n e  by 
b e n z o y l  p e r o x i d e ,  the  d i f f e r e n t  sigma r a d i c a l s  have d i f f e r e n t  r a t e s  o f  
o x i d a t i o n ,  which can be s e l e c t i v e l y  a l t e r e d .  Copper(II )  by  
s e l e c t i v e l y  i n c r e a s i n g  the r a te  o f  form at ion  o f  the 5—isomer would  
i n c r e a s e  the  y i e l d  o f  5—phenyIpyr i m i d i n e . The r e ason  f o r  such  
s e l e c t i v i t y  i s  not  known and has not  been  g e n e r a l l y  observed  i n  
arom at ic  p h é n y l a t i o n .
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S t e r i c  f a c t o r s  can c o n t r i b u t e  to  the  change o f  isomer  
d i s t r i b u t i o n  observed .  We have p r e v i o u s l y  s u g g e s te d  t h a t  copper  
competes w i t h  b e n z o y l  perox id e  fo r  the h e t e r o c y c l e .  Such c o m p e t i t i o n  
p robab ly  i n v o l v e s  copper and the n i t r o g e n s  o f  the h e t e r o c y c l e  ( s i n c e  
s i m i l a r  c o m p e t i t i o n  i s  not  observed in b e n z e n e ) .  The 5 - p o s i t i o n ,  
b e ing  f a r  away from the n i t r o g e n s ,  would not  be a f f e c t e d  by copper .  I f  
the a d d i t i o n  s te p  in the p h é n y l a t io n  of  pyr imid ine  i s  r e v e r s i b l e ,  then  
the s t e r i c  f a c t o r  w i l l  have a g r e a t e r  e f f e c t .  Th is ,  however, does not  
e x p l a i n  the sm a l l ,  but  d e f i n i t e ,  i n c r e a s e  in  the isomer r a t i o  o f
3 - p h e n y I p y r id in e  t h a t  i s  observed on the a d d i t i o n  o f  
c o p p e r ( I I ) b e n z o a t e . The reasons  fo r  t h i s  enhancement are t h e r e f o r e  
s t i l l  u n c l e a r .
D. 4 . 1 . 2  The e f f e c t of  i r o n ( I I I ) b e n z o a t e .
The p o s i t i o n  of  the usua l  o x i d i s i n g  agents  in py r im id in e  
( p r e v i o u s  s e c t i o n )  means th a t  i r o n ( I I I ) ,  l i k e  c o p p e r ( I I ) , w i l l  be an 
e f f e c t i v e  ox idant  in  t h i s  sys tem. However, whereas c o p p e r ( I I ) b e n z o a t e  
c a u s e s  an i n c r e a s e  in the isomer r a t i o  of  5 - p h e n y l p y r i m i d i n e , 
i r o n ( I I I ) b e n z o a t e  c au se s  an i n c r e a s e  in  the isomer r a t i o  o f  2 - ,  and
4 - p h e n y I p y r i m i d i n e s .
This  change in isomer r a t i o s  i s  s i m i l a r  to  that  observed in  the  
p h e n y l a t i o n  o f  p y r i d i n e ,  where ( S e c t i o n  D . 1 . 1 . 3 )  i r o n ( I I I ) b e n z o a t e  
i n c r e a s e d  the isomer r a t i o  o f  4 - p h e n y l p y r i d i n e . As in  the case  o f  
p y r i d i n e ,  back d onat ion  o f  n - e l e c t r o n s * ® * from pyr im id ine  w i l l  cause  
an i n c r e a s e d  r e a c t i v i t y  o f  the or th o- ,  and nara- p o s i t i o n s . Back 
d o n a t io n  w i l l  be more e x t e n s i v e  f o r  the d i a z i n e s  than for  p y r i d i n e .  
As in  the case  o f  p y r i d in e  where the para- p o s i t i o n  was the  most  
s t r o n g l y  a f f e c t e d ,  the 4 - p o s i t i o n  in  pyr im id in e ,  which i s  para- t o  one 
n i t r o g e n  and o r t h o -  to  the o t h e r ,  i s  more a f f e c t e d  than the 2 - p o s i t i o n  
o f  pyr im id in e  which i s  or th o— t o  both  n i t r o g e n s .
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As in the c a s e s  o f  p y r i d i n e ,  p y r i d a z in e  and p y r a z in e ,  the b e n z o ic  
ac id  y i e l d  i s  reduced in the presence  of  i r o n ( I I I ) b e n z o a t e , t h i s  i s  
p a r t i c u l a r l y  unusual  in the case  of  pyr imidine  as the i n c r e a s e d  y i e l d s  
o f  b i a r y l s  should l ea d  to  an increased  y i e l d  o f  b e n z o ic  a c i d .  It  spears  
t h a t  i r o n ( I I I ) benzoate  i s  invo lved  in  t r a n s f e r r i n g  e l e c t r o n s  from 
s i g m a - r a d i c a l s  such that  some of  the hydrogen o b t a in a b le  from the  
o x i d a t i o n  o f  s ig m a - r a d ic a l s  i s  d i v e r t e d  t o  r e c e p i e n t s  o t h e r  than  
b e n z o y lo x y  r a d i c a l s .  I t  i s  important t o  note  t h a t  though the  
a d d i t i v e s  may not  be the eventua l  o x id a n ts  ( e l e c t r o n  a c c e p t o r s )  in  the  
o x i d a t i o n  o f  s ig m a - r a d ic a l s  to  b i a r y l s ,  i t  i s  s t i l l  thermodynamica l ly  
f e a s i b l e  t h a t  they  are invo lv ed  as e l e c t r o n  t r a n s f e r  c a t a l y s t s ,  
p a r t i c u l a r l y  the t r a n s i t i o n  m e t a l s .
D . 4 . 1 . 3 The e f f e c t  o f  meta-d i n i t r o b e n z e n e .
The y i e l d  o f  pheny lpyr im id ines  i s  in c r e a s e d  by
me t a - d i n i t r o b e n z e n e  but the y i e l d  o f  b ip h e n y l  and b e n z o ic  ac id  i s  not  
s i g n i f i c a n t l y  a f f e c t e d .  Since the redox p o t e n t i a l s  o f  the  
phenyIpyri ff i id ine /s igm a-com plexes  are more n e g a t iv e  than the redox  
p o t e n t i a l  o f  the b ip h e n y 1/ p h e n y I c y c lo h e x a d ie n y 1 complex the a d d i t i v e s  
w i l l  c a t a l y s e  the format ion of  phenyIpyrimidines  more r e a d i l y  than the  
form at ion  of  b i p h e n y l .  However, t h i s  e f f e c t  should on ly  be ob se r vab le  
i f  the redox p o t e n t i a l  corresponding t o  the a d d i t i v e s  i s  more p o s i t i v e  
than the redox p o t e n t i a l  corresponding to  the o x i d a n t s  normally
p r e s e n t  in  the  system, but on ly  i f  t h i s  d i f f e r e n c e  i s  s m a l l .  When the
d i f f e r e n c e  i s  l a r g e ,  the form at ion  o f  a l l  b i a r y l s  should  be 
f a c i l i t a t e d .  When the redox p o t e n t i a l  corresponding  t o  the o x i d i s i n g
s p e c i e s  i s  v e r y  low on the redox p o t e n t i a l  t a b l e  (has l a r g e  p o s i t i v e
v a l u e s ) ,  the f r e e  e n e r g ie s  invo lv ed  i n  the o x i d a t i o n  w i l l  be l a r g e  in  
a l l  c a s e s  and s e l e c t i v i t y  w i l l  not  be observed .
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The change in isomer r a t i o  observed ( exp er im ents  109-111)  where 
c o p p e r d D b e n z o a t e  was added ( th e  y i e l d  o f  5—p h e n y lp yr im id in e  i s  
i n c r e a s e d  at  the c o s t  o f  2 - p h e n y l p y r i m i d i n e ) , i s  a l s o  observed  in  
n i e t a - d i n i t r o b e n z e n e , t h i s  i s  probably  due to  s t e r i c  i n t e r f e r e n c e  to  
a t t a c k  a t  the p o s i t i o n  o r t h o-  to  n i t r o g e n  as a r e s u l t  o f  i n t e r a c t i o n  
o f  the a d d i t i v e s  wi th  the n i t r o g e n  in  p y r im id in e .  The r e v e r s a l  of  
t h i s  e f f e c t  in the case o f  i r o n ( I I I ) b e n z o a t e  i s  due t o  the  back  
d o n a t i o n  o f  n - e l e c t r o n s  which i n c r e a s e s  the y i e l d  o f  the  o r th o — and 
me t a -  p o s i t i o n s .
 I h e _ e f  f e c t _ g f _ p e n t a f l u g r o n i t r g s g ^ n z e n e ^
S in c e  p e n t a f l u o r o n i t r o s o b e n z e n e  does not  r e q u ir e  i n i t i a l  
r e d u c t i o n  b e f o r e  i t  can operate  as an o x id a n t ,  we would e xp e c t  i t  t o  
be more e f f e c t i v e  in i n c r e a s in g  the y i e l d s  o f  b i a r y l s  than  
m e t a - d i n i t r o b e n z e n e .  The c a t a l y t i c  e f f e c t  i s  probably  c ou n t e r a c t e d  by  
the f a c t  t h a t  n i t r o s o b e n z e n e , and by e x t e n s i o n ,
p e n t a f l u o r o n i t r o s o b e n z e n e , scavenges  phenyl  r a d i c a l s  t o  form 
d i p h e n y I n i t r o x i d e  ( N - p h e n y l ,N - p e n t a f lu o r o p h e n y I n i t r o x id e  in  the case  
o f  p e n t a f l u o r o n i t r o s o b e n z e n e ) .  This  r e s u l t s  in reduced y i e l d s  o f  
b i a r y l s ,  and the b e nzo ic  ac id  t h e r e o f .
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D. 4 . 2
Compet i t i o n be tw e en benzene and p y r imi d in e  on p h é n y l a t io n  by b e n z o y l  
p e r o x id e ^
An i n c r e a s e  in perox id e  c o n c e n t r a t i o n  does not have a s i g n i f i c a n t  
e f f e c t  on ^ g ^ ^ e n e ^ ”  ^ ( exper im ents  121-123 and 1 2 4 - 1 2 6 ) ,  though the  
p e r c e n ta g e  y i e l d  (wi th  r e s p e c t  to  phenyl  r a d i c a l s )  o f  h i a r y l s  are  
reduced and th a t  o f  ben z o ic  ac id  i s  i n c re a s e d  in  the r e a c t i o n s  w i t h  
h i g h e r  c o n c e n t r a t i o n s  o f  benzoy l  p e r o x id e .
Eqpt.
no.
Fferoodde
conc.
X i o 3
I^rimidine
/benzene
Vw
Pheiyl
pyrimidine
yield**
Bipfaeiy]
yield
Ifel.
rate
Isomer dist.* 
/p.r.f.
Benzoic
acid
yield
Ester
yield
qg
Ibtal
yield
(%)ll
121-123 9.8 0.5/5 8.73 4228 2.09 42.45 53.64 3.91 
/522 /3.36 /0.49
2523 4.30 40.6
105-108 37.76 025/1.25 11.54 39.21 1.49 42.33 53.41 426 
/3.78 Z2.39 /0.38
39.31 4.52 46.6
124-126 34.53 025/1.75 14.81 74.51 2.21 42.63 52.34 5.03 
15.65 /3.47 /0.67
63.54 6.43 42.7
127-129 35.93 025/5.25 20.31 144.31 2.99 ^.43 4923 8.34 
/7.61 /4.42 /120
13329 1121 43.8
Thp deocnpositioo. of benzcyl peroxides in vancxis concentrations in mixtures of benzene 
and pjTimidine under nitrogen at 80°C for 24urs.
*  p e r c e n t a g e ,  * *  n g ,  I n g ,  11 w i t h  r e s p e c t  t o  j h e r y l  r a d i c a l .
T ab le  XXXI
Page D-61
Hence even i f  complexat ion  between pyr im id ine  and benzoy l  pe r ox id e  
does occur ,  the r e a c t i v i t y  o f  the complex does not  d i f f e r  
s i g n i f i c a n t l y  from th a t  o f  ' f r e e  p y r i m i d i n e ' .
The y i e l d  o f  b i a r y l s  and b e n z o ic  ac id  w i th  r e s p e c t  to  i n i t i a l  
pe r ox id e  c o n c e n t r a t i o n  d e c r e a s e s  w i th  de c r ease  in the c o n c e n t r a t i o n  o f  
p e r o x i d e .  This  i s  c o n s i s t e n t  w i th  the k i n e t i c s  o f  benzoy l  pe r ox id e  
norm ally  observed in  benzene** .  I t  appears th a t  the e x t e n t  o f  
phenyIpyrimid ine  form at ion  v a r i e s  in  the same way as the form at io n  o f  
b ip h e n y l  w i th  perox id e  c o n c e n t r a t i o n .
S ince  the redox p o t e n t i a l s  o f  the o x id a n t s  p r e s e n t  in  pyr im id ine  
are s i m i l a r  to  the redox p o t e n t i a l s  o f  the o x id a n t s  p r e s e n t  in  
benzene ,  i . e .  they are c l o s e  to  - 7 . 2 3  e . v .  on the thermodynamic 
s c a l e ,  i t  i s  expected  that  pyr im id ine  w i l l  behave in a s i m i l a r  f a s h i o n
to  benzene as regards  p h é n y l a t i o n .  Though the mechanisms fo r
p h é n y l a t i o n  need not  be i d e n t i c a l .
gPyr imidin e  ij^^jj-g^ses as the r a t i o  o f  benzene to  pyr im id ine  i s  
Benzene
in c r e a s e d  ( exper im ents  106-108 ,  124—126 and 1 2 7 - 1 2 9 ) .  As observed  in
p y r i d a z i n e  and p y r i d in e  ( S e c t i o n  D.2)  N—N i n t e r a c t i o n s  cause an
increase in g^^terocycle ^^^h increase in the ratio of  benzene to 
Benzene
h e t e r o c y c l e  on ly  when the p a r t i a l  r a te  f a c t o r  for  the p o s i t i o n  ortho
t o  n i t r o g e n  i s  h i g h ,  hence g ^ ^ t e r o c y c le  .  ^ inc re ase d  in  the c a s e s  o f
u G HZ G ZLG
p y r i d i n e  (Fo = 2 . 8 8  exper iments  1 9 - 2 1 ) ,  pyraz in e  (F2 = 9 .6 2
exper im ents  82-84  and 97-99)  and pyr imid ine  (F2 = 5 .4 9  exper im ents  
121-123 and 1 2 4 - 1 2 6 ) ,  but  not  i n  the case  o f  p y r i d a z in e  (F3 = ~  0
ex per im en ts  5 5 - 8 1 ) .
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The in c r e a s e  in K?  ^ dine  i n c r e a s e  in  benzene toBenzene
p y r im id ine  r a t i o s ,  however, does not  r e s u l t  in  an i n c r e a s e  in  the
isomer r a t i o s  o f  2 - ,  and 4 - p h e n y l p y r i m i d i n e s , though the p a r t i a l  r a te
f a c t o r s  o f  a l l  t hree  isomers are i n c r e a s e d .  This  i s  contrary  t o  what
i s  e xp e c te d  as the i n c r e a s e  in  r e a c t i v i t y  i s  mainly  due t o  the
i n c r e a s e d  r e a c t i v i t y  o f  the 2 - p o s i t i o n  and, to  a l e s s e r  e x t e n t ,  the  
4 - p o s i t i o n .
The y i e l d  o f  the pheny lpyr im id ines  i s  a f f e c t e d  not  on ly  by the
r a te  o f  a t t a c k  of  the v a r io u s  p o s i t i o n s  in  p y r im id in e ,  but a l s o  by the
r a te  o f  o x i d a t i o n  of  the s ig m a - r a d ic a l s  formed therby .  I t  appears ,
t h e r e f o r e ,  t h a t  as the r a te  o f  a t ta c k  by phenyl  r a d i c a l s  i n c r e a s e s ,
the r a t e  o f  o x i d a t i o n  of  the s igma-complexes becomes l i m i t i n g .  Hence,  
s i n c e  the r a te  o f  format ion o f  the s igma-complexes corresponding t o  
2 -ph e n yIp yr im id in e  (and, to  a l e s s e r  e x t e n t ,  the 4 - p h e n y l p y r im id in e , )  
i s  i n c r e a s e d  most d r a m a t i c a l l y ,  t hese  i n t e r m e d ia t e s  w i l l  be o x i d i s e d  
l e s s  e f f i c i e n t l y  than the l e s s  abundant in te r m e d ia t e  formed by a t t a c k  
at  the 5 - p o s i t i o n .  Though the a b s o lu te  y i e l d  o f  2 -p h e n y lp yr im id in e  
i s  i n c r e a s e d ,  i t s  r a t i o  w i th  r e s p e c t  to  the o th e r  phen y lp yr im id in e s  
i s  low ered .
Th is  assumes that  the o x i d i s i n g  a g e n t s  can d i s t i n g u i s h  between  
the s ig m a-com plexes ,  which o f  course they  must do,  due to  the  
d i f f e r e n c e s  in  the redox p o t e n t i a l s  i n v o lv e d  (Table XXIX).
In c o n t r a s t  t o  the exper iments  w i t h  p y r i d i n e ,  p y r i d a z in e  and 
p y r a z i n e ,  the y i e l d  o f  b e n z o ic  ac id  i n c r e a s e s  w i th  the in c r e a s e  o f  
benzene to  pyr im id ine  r a t i o s .  There i s ,  however,  a marked d i f f e r e n c e  
be tween the exper iments  done w i th  pyr im id ine  and those  done w i th  the  
o t h e r  h e t e r o c y c l e s .  Whereas an i n c r e a s e  in  benzene t o  h e t e r o c y c l e  
r a t i o  i s  accompanied by a d e crease  in  the benzoy l  pe r ox id e  
c o n c e n t r a t i o n  in  p y r i d i n e ,  p y r i d a z in e  and p y r a z i n e ,  the p e r o x id e  
c o n c e n t r a t i o n  i s  approximate ly  mainta ined i n  the  case  o f  p y r i m i d i n e .  
The r e a c t i o n s  are in  e f f e c t  done on a b i g g e r  s c a l e  l e a d in g  t o  g r e a t e r
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a b s o l u t e  y i e l d s .  The o v e r a l l  y i e l d ,  wi th  r e s p e c t  t o  the moles  o f  
b e n z o y l  perox id e  i n i t i a l l y  p r e s e n t ,  does not  vary  a g r e a t  d e a l ,  but  i t  
i n c r e a s e s  as the number o f  moles  o f  b e n z oy l  per ox id e  i n c r e a s e s .  This  
change in perox id e  c o n c e n t r a t i o n  must p a r t i a l l y  c o n t r i b u t e  to  the  
h i g h e r  y i e l d s  o f  benzo ic  ac id  observed .
D.5
The d e c a r b o x v la t i o n  of  b e n z o ic  ac id  bv ammonium p e r s u lp h a te  in  
n v r i d i n e .
The d e c a r b o x y la t i o n  o f  c a r b o x y l i c  a c id s  t o  g e n e r a te  a l k y l  or a r y l  
r a d i c a l s  was reported  by Starnes  J r . i ? *  us ing  oxygen and 
d i - t - b u t y l p e r o x i d e .  Benzoic  ac id  was d e c a r b o x y la t e d  to  g iv e  y i e l d s  
ranging  from 36% t o  0.2% o f  b i a r y l  a t  170-180°C,  u s ing  
o r t h o - d ic h l o r o b e n z e n e  as the s u b s t r a t e .  Kochi and Anderson^*® used  
p e r s u lp h a t e  and s i l v e r ( I )  to  d e c a r b o x y la te  a l i p h a t i c  c a r b o x y l i c  a c i d s .  
M in is c i  e_t. l a t e r  used the second method f o r  the d e c a r b o x y l a t i o n
o f  b e n z o ic  ac id  to  generate  phenyl  r a d i c a l s .  K i n e t i c  s t u d i e s  show t h a t  
the r a te  o f  carbon d io x id e  e v o l u t i o n  and p e r s u lp h a t e  d isappearance  are  
f i r s t  order in s i l v e r ( I )  but  zero  order in  c a r b o x y l i c  ac id ^'® .
d t c o j / d t  = - n  d [ S , 0 , Z - ] / d t  = k , [ A g ( I ) ] ( S ; 0 , 2 - ) ( R C 0  0H)° (109)
The k i n e t i c  e q u a t io n  g i v e n  f o l l o w s  a ge n e r a l  p a t t e r n  fo r  the  
s i l v e r - c a t a l y s e d  o x i d a t i o n ,  by p e r s u lp h a t e ,  o f  a v a r i e t y  o f  o t h e r  
reduc ing  agents  i n c lu d in g  o x a l a t e ,  t h i o s u l p h a t e  and hydrogen  
p e r o x i d e ^ ' ^ .
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Hie f o l l o w i n g  r e a c t i o n s  have been suggested^*^
A g(I )  + S , 0 , 2 -   > A g ( I I )  + S 0 , 2 -  + S O , ' -  (110)
A g(I )  + S O , ' -   > A g(I I )  + SO, 2 -  (111)
A g ( I I )  + RCO,H -----------> Ag(I )  + RCOj- (112)
RCOj- ---------- > R- CO^  (113)
R- + HY ---------------> RH + y* (114)
R* A g(I I )   > [R+]oz + Ag(I)  (115)
The sequence 110 ,1 11  cannot be k i n e t i c a l l y  d i s t i n g u i s h e d  from the  
fo rm a t io n  o f  a s i l v e r ( I I I )  s p e c i e s  ( e q u a t i o n  116)  which undergoes  
rap id  syn- p r o p o r t i o n a t i o n  (eq uat ion  1 1 7 ) .
Ag(I )  + S , 0 , 2 -   > A g ( I I I )  + 2 3 0 , 2 -  (116)
A g ( I I I )  + Ag(I )  2Ag(II )  (117)
The e q u i l i b r iu m  con s tan t  fo r  e q u at ion  117 l i e s  f a r  t o  the r i g h t ,  
a l thou gh  i t  has on ly  been s tu d ie d  in  c o n c e n tr a te d  s o l u t i o n s  o f  mixed 
m inera l  a c i d s ,  the on ly  medium in  which t h e se  h igh  o x i d a t i o n  s t a t e s  o f  
s i l v e r  are s t a b l e ^ * * .
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M in is c i  e t .  a l . * ?  have s u gge s te d  t h a t  the sigma—complex i s  
i i e n t l y  rearomat is i  
e l e c t r o n  t r a n s f e r  by Ag
e f f i c i e n t l  i ed  by the aromatic  source e i t h e r  through an
++
+ A n ^  [ 0 ] ~ P h  + A g +  + H +
or through an o x i d a t i o n  by p e r s u lp h a te  or by i n te r m e d ia t e  r a d i c a l s ,  
' g i v i n g  c l e a n  r e a c t i o n s ,  on ly  n e g l i g i b l e  amounts o f  by pr oduc t s  be ing  
form e d ' .  No y i e l d s  were quoted f o r  th e s e  e xp e r im en ts ,  so  no d i r e c t  
comparison between t h e i r  r e s u l t s  and those  obta in ed  by us can be made.
Media Isomer
d i s t r i b u t i o n
Ref
2 - 3 - 4 -
a c i d i c 68 .9 5 .58 2 5 .5 2 c u rren t  work
a c i d i c 79-82 18-21 184
non a c i d i c 61-63 37-39  ■ 184
a c i d i c 64 .5 4 .5 31 47
non a c i d i c 55 31 14 47
T ab le  IXXII
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Don and Lynch^** obta in ed  a t o t a l  y i e l d  o f  p h e n y la te d  p r o d n c t s  o f  
0 . 3 6 - 0 . 4  moles  per  mole o f  p e r o x id e ,  bnt  the y i e l d s  o f  b i a r y l s  were  
not  g i v e n .
The enhancement o f  the r a te  of  a t t a c k  at  the 2 -  and the 4—
p o s i t i o n s  in a c i d i c  media, were i n t e r p r e t e d  by M i n i s c i * ?, t o  show th a t  
the phenyl  r a d i c a l  has n n c l e o p h i l i c  c h a r a c t e r .  However, Ronedes tvedt  
and Blanchard^?*,  in  t h e i r  p o s t n l a t i o n  o f  the p r e l i m in a r y  complex,  
have s u g g e s te d  th a t  ' th e  phenyl  r a d i c a l  i s  somewhat e l e c t r o p h i l i c ' and 
t ends  to  become a s s o c i a t e d  w i th  s i t e s  of  h igh  e l e c t r o n  d e n s i t y .  The 
f a c t  t h a t  the phenyl  r a d i c a l  a t ta c k s  at  the or tho-  and the para-  
p o s i t i o n s  has been used as a b a s i s  o f  t h e i r  argument.  On t h i s  
e v id e n c e  there  i s  some ambiguity  about the nature  o f  the pheny l  
r a d i c a l .
R a d ic a l s  should be very ' s o f t ' i * *  e n t i t i e s ,  s i n c e  most o f  them 
are not  charged,  and in most chemical  r e a c t i o n s  they  r e a c t  w i t h
uncharged s p e c i e s .
E l e c t r o p h i l i c  r a d i c a l s  g e n e r a l l y  have a low energy  SOMO and
n n c l e o p h i l i c  r a d i c a l s  g e n e r a l l y  have a h ig h  energy  SOMO,
so e l e c t r o p h i l i c  r a d i c a l s  g e n e r a l l y  i n t e r a c t  l e s s  s t r o n g l y  w i th  the  
LTJMO o f  the s u b s t r a t e  than n n c l e o p h i l i c  r a d i c a l s .
LHMO LUMO
weak
SOMO
j t r o n g
HOMO
e l e c t r o p h i l i c  r a d i c a l s
SOMO
' S t r o n g
vweak
HOMO
n n c l e o p h i l i c  r a d i c a l s
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D.6
T h e  d e c a r b o x y l a t i o n  o f  s o d i u m  b e n z o a t e  b y  a m m o n i u m  p e r s u l p h a t e  i n
B % r i d i n e _ a t _ v a r y i n g _ B H ^
Sodium benzoate  was used i n s t e a d  o f  b e n z o i c  a c id  as i t  i s  more 
s o l u b l e  in a c i d i c  media.  The pH was v a r i e d  by adding known amounts o f  
sodium carbonate  (10%).
A g ( I I ) ,  in  r e a c t i o n  ( 1 1 2 ) ,  r e a c t s  w i t h  b e n z o i c  a c id  and not  
be n z o a te  i o n s ,  and g i v e s  r i s e  t o  b e n z o y lo x y  r a d i c a l s  which,  in  t u r n ,  
form phenyl  r a d i c a l s .  Hence, be nz oa te  i o n s  must be capable  o f  forming  
b e n z o y lo x y  r a d i c a l s ,  t o  g iv e  r i s e  t o  phenyl  r a d i c a l s  in  t h i s  sys tem .  
The s u lp h a t e  ion  r a d i c a l ,  formed by r e a c t i o n  ( 1 1 0 ) ,  has been  invoked  
( i n  a l k a l i n e  media) in  the o x i d a t i o n  o f  a c i d s ,  by the  F i c h t e r  
p r o c e d u r e ^ ' ’ .
RCO,- + S O , ' -   > RCOj- + S 0 , 2 -  (119)
S O , ' -  + OH-  >  S O ,  2 -  + HO' (120)
I t  can a l s o  be g e nera ted  d i r e c t l y  by the t h e r m o l y s i s  o f  p e r s u l p h a t e .
S , 0 , 2 -   > 2 S 0 , ' -  (121)
The r e a c t i o n  has an a c t i v a t i o n  energy o f  126 K jo u le s /m o le  and i s  
a c c e l e r a t e d  by s tr on g  m in era l  a c id s  as w e l l  as t r a c e  m eta l  i o n s ^ * ’ . 
I t  appears l i k e l y ,  however,  t h a t  A g ( I I )  w i l l  r e a c t  w i t h  c a r b o x y la t e  
a n i o n s ,  i n  a r e a c t i o n  analogous  t o  r e a c t i o n  ( 1 1 2 ) ,  t o  g i v e  the  
c or re spond ing  carboxy r a d i c a l ,  s i n c e  the r e a c t i o n  works w e l l  w i t h  
a c i d s  t h a t  d i s s o c i a t e  r e a d i l y  under the r e a c t i o n  c o n d i t i o n s .
A g ( I I )  + RCOZ- -----------> A g(I )  + RCOj- (122)
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No 3 - p h e n y I p y r id in e  was formed in  t h e se  e x p e r im en ts .  A d e c r e a s e  
in a c i d i t y  r e s u l t e d  in  a de c r ease  in  the o v e r a l l  y i e l d  o f  b i a r y l ,  and 
a d e c r e a s e  in the p ercen tage  y i e l d  o f  2 - p h e n y l p y r i d i n e .
E x p t . 
no
sodium
carbonate
(ml)
pH phenyl  
p y r id in e  
y i e l d  (mg)
isomer d i s t r i b u t i o n  
(%)i n i t . f i n a l
2 - 3 - 4—
133-135 none 7 .5 1 .5 28 .8 6 90 .2 - 9 .8
136-138 10 10 .5 7 2 .1 4 80 .6 - 1 9 .4
139-141 60 11 .5 9 1.53 27 .9 - 72 .1
142-144 90 11 .5 10 .5 1 .2 2 21 .2 - 78 .8
The d e c a r b o x y l a t i o n  of  sodium b enzoate  ( 0 .0 5  mole) by ammonium 
p e r s u lp h a t e  (0 .0 3  mole) and s i l v e r  n i t r a t e  ( 0 .0 3  mole)  in  the p r e s en ce  
o f  p y r i d i n e  ( 0 .0 1  mole)  and vary in g  amounts o f  sodium carbonate  (10%).
Table XXXIII
The r e d u c t i o n  in t o t a l  b i a r y l  y i e l d  cannot be ac counted  f o r  by  
the r e d u c t i o n  in  y i e l d  o f  2 - p h e n y l p y r id i n e  a l o n e .  One p o s s i b l e  r e a so n  
f o r  the r e d u c t i o n  o f  the b i a r y l  y i e l d  at  h i g h  pH might have been  an 
i n s t a b i l i t y  o f  the p h e n y I p y r id in e s  towards b o i l i n g  aqueous sodium 
c a r b o n a t e ,  a s e l e c t i v e  l o s s  o f  2 - p h e n y l p y r id i n e  could a l s o  account  
f o r  the change in  isomer r a t i o s  observed .  However, a l l  t h r e e  
p h e n y l p y r i d i n e s  were found t o  be s t a b l e  t o  b o i l i n g  w i t h  aqueous sodium 
carbonate  (10%) a t  90*C.,  fo r  two hours .
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The r e a c t i o n  may in v o lv e  two d i f f e r e n t  methods o f  o x i d a t i o n .
(a )  Ag(I )  + S jO ,2 -   > A g ( I I )  + S 0 , 2 -  + SO, •“ (123)
Ag(I)  + S O , ' -   > A g ( I I )  + SO, 2 -  (124)
(b)  Ag(I )  + S jO ,2 -   > A g ( I I I )  + 2 S 0 , 2 -  (125)
A g ( I I I )  + Ag(I)  -----------> 2A g(I I )  (126)
Method (b) would not  operate  a t  h ig h  pH as the s i l v e r ( I I I )
s p e c i e s  i s  s t a b l e  on ly  under a c i d i c  c o n d i t i o n s .  Provided method (b)  
was important t h i s  would cause a r e d u c t i o n  in b i a r y l  y i e l d s .
S i l v e r ( I I I )  may be d i r e c t l y  i n v o lv e d  in the o x i d a t i o n  o f  the  
carboxy l&te  ion
RCO%- + A g ( I I I )  ---------- > [R+]ox + CO^  + Ag"*" (127)
The c o e f f i c i e n t s  for  the LÜÎIO f o r  the pyr id in ium ion  i s  i d e n t i c a l  
t o  t h a t  for  p y r i d i n e ,  however the t o t a l  charge d e n s i t i e s  on the carbon 
atoms i s  reduced,  i . e . ,  the carbon atoms are more p o s i t i v e  than the  
c orrespond ing  atoms in p y r i d i n e .  T h e r e fo re ,  c o n d i t i o n s  where there  i s  
e x t e n s i v e  i n t e r a c t i o n  w i th  the base w i l l  l ead  t o  a r e l a t i v e l y  g r e a t e r  
r e a c t i v i t y  o f  the para- p o s i t i o n .
S ince  the charge d e n s i t y  a l t e r s  w i t h  r e s p e c t  to  p y r i d in e  by
+ 0 . 0 1 7 4 ,  +0 .0365 ,  +0 .0722 ,  fo r  the o r th o - ,  meta- ,  and para- p o s i t i o n s
r e s p e c t i v e l y ,  the i n c r e a s e  in  r e a c t i v i t y  i s  expected  to  be in  the  
o rder  o f  para->me t a - > o r th o - .  though the o v e r a l l  r e a c t i v i t y  should
s t i l l  be o r th o - > para->met a - .
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r c Fr qr
2 2 - 0 .3632 0.4643 3 .8 0 3 5
3
3 - 0 .2 1 4 0 0.4233 3 .9 6 5 8
4 - 0 .5619 0 .4484 3 .8 3 5 2
r = r th  p o s i t i o n  in protonated  p y r i d in e  
c = c o e f f i c i e n t  o f  LUMO 
Fr = f r e e  v a l e n c e  number at  p o s i t i o n  r 
qr = t o t a l  charge d e n s i t y  a t  p o s i t i o n  r
Table I XXIV
R e a c t i V i t v  paramet e r s  o f  p r o to n a te d  p y r i d i ne as c a l c u l a ted by INDO^^^
me th od s .
The f a c t  th a t  on ly  o r t h o - . and p a r a - p h e n y l p y r id i n e s  are formed 
s u g g e s t s  t h a t  the phenyl  r a d i c a l  i s  e x tr e m ely  n n c l e o p h i l i c  under the  
r e a c t i o n  c o n d i t i o n s .
2 +P y r i d in e  and b i p y r i d y l  s t a b i l i s e  Ag in  aqueous media,  the
c o m p e t i t i o n  between v a r io u s  b a s e s  fo r  Ag^ (n = 2 or 3) and H would
a l s o  a l low  an e x p l a n a t i o n  f o r  the change in  isomer r a t i o s  observed
+
w i t h  change in pH. At low pH, the h igh  c o n c e n t r a t i o n  of  H w i l l  
reduce com p lexa t ion  of  p y r i d in e  w i th  Ag*^  as H w i l l  compete f o r  
Ag^*. Th is  w i l l  reduce the e x t e n t  o f  o r b i t a l  c o n t r o l  ( S e c t i o n  D . 1 6 .6 )  
in  the r e a c t i o n ,  c o n s e q u e n t ly ,  the para-  p o s i t i o n  in  p y r i d i n e  w i l l  no 
l o n g e r  be p r e f e r e n t i a l l y  a t t a c k e d .  I t  i s  a l s o  l i k e l y  t h a t  pr o tonate d
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p y r i d i n e  dne to  the charge r e p u l s i o n  between Ag^*, and the n i t r o g e n  in  
p y r i d i n e .  However, the p r ox im i ty  o f  Ag"*, RCOy and the o r th o -  
p o s i t i o n  o f  p y r i d i n e ,  w i l l  make an a c c e l a r a t i o n  o f  the a t t a c k  by 
pheny l  r a d i c a l s  l i k e l y ,  p a r t i c u l a r l y  a t  the or th o-  p o s i t i o n .  The 
l a t t e r  e f f e c t  should reduce the e x t e n t  o f  o r b i t a l  c o n t r o l .
S ince  both  protonated  and unprotonated p y r i d in e  i s  p r e s e n t  in  the  
system at  the same t ime,  and phenyl  r a d i c a l s  a t t a c k  both  s p e c i e s ,  the  
o v e r a l l  y i e l d  o f  the p h e n y lp y r id in e s  w i l l  depend on the  r a te  o f  a t t a c k  
o f  phenyl  r a d i c a l s  on protonated  p y r i d in e  and on unprotonated  
p y r i d i n e .  I f  KP~ r e p r e s e n t s  the p r o p o r t i o n a l i t y  c o n s t a n t  for  a t t a c k  
on the or th o  p o s i t i o n  o f  protonated  p y r i d in e  by pheny l  r a d i c a l s ,  
r e p r e s e n t s  the p r o p o r t i o n a l i t y  c o n s ta n t  fo r  a t t a c k  on the para  
p o s i t i o n  o f  protonated  p y r i d in e  by phenyl  r a d i c a l s ,  KP“ r e p r e s e n t s  
the  p r o p o r t i o n a l i t y  c on s tan t  f o r  a t t a c k  on the orth o  p o s i t i o n  o f  
unprotonated  p y r i d in e  by phenyl  r a d i c a l s ,  KP  ^ r e p r e s e n t s  the  
p r o p o r t i o n a l i t y  c o n s ta n t  fo r  a t t a c k  on the  para p o s i t i o n  o f
unp rotonated  p y r i d in e  by phenyl  r a d i c a l s ,  then ,  we w i l l  o b t a in  four  
l i n e a r  e q u a t io n s  th a t  w i l l  r e p r e s e n t  the form at io n  of  s ig m a - r a d ic a l s  
and subsequent  b i a r y l  formation,  th e se  s im ul taneous  e q u a t io n s  can be 
s o l v e d  to  determine the v a l u e s  fo r  K by comparing the y i e l d s  a t  two 
known pH v a l u e s .  Th is  o f  course assumes t h a t  the v a l u e s  o f  K are  
c o n s t a n t ,  or n e a r ly  so ,  w i t h i n  t h a t  pH range .  Though we do n ot know 
t h i s ,  by comparing r e a c t i o n s  conducted at  s i m i l a r  pH, we can reduce  
the  e r r o r s  o f  e s t i m a t i o n .  Since  the r a t e s  are obta in ed  r e l a t i v e  to  
one a n o th e r ,  they  are not a b s o lu te  v a l u e s  and have no u n i t s .  They can 
however be f r e e l y  used to  compare the r e a c t i v i t i e s  o f  the r e a c t i o n s  
concerned  w i t h i n  the r e l e v a n t  pH v a l u e s .  The method o f  a n a l y s i s  i s  
e l a b o r a t e d  i n  the appendix.
The r e s u l t s  ob ta in ed  are g iv e n  below:
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p r o p o r t i o n a l i t y  c o n s ta n t va lue pH range
EP yr id ine~  a 4 I  10-4 7 -  1 0 .5
KPyridine^  a 5 I  10-5 7 -  10 .5
K Pyrid inejb 3 X 10-5 7 -  10 .5
EPyridine^ 9 X 10-5 7 -  1 0 .5
Assuming t h a t  the y i e l d  o f  p h e n y l p y r i d in e s  r e f l e c t s  the  r a t e  o f  
a t t a c k  on the corresponding p o s i t i o n  i n  p y r i d i n e ,  t h e se  
p r o p o r t i o n a l i t y  c o n s t a n t s  are v a l i d  and can be used t o  compare the  
r e a c t i o n s  s tu d ie d  q u a n t i t a t i v e l y .
D.7
The d e c a r b o j v a l a t i o n  of  sodium benzoate  bv ammonium p e r s u lp h a t e  in  
p y r i d a z i n e  at  vary in g  pH.
As in  the case  o f  p y r i d i n e ,  there  i s  a marked d i f f e r e n c e  between  
the  p o s i t i o n a l  s e l e c t i v i t y  obta in ed  by a t t a c k  by pheny l  r a d i c a l s  in  
aromat ic  s o l u t i o n  and t h a t  obta in ed  by a t t a c k  in  aqueous media  
( s e c t i o n  D . l . 2 ) .
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E x p t . 
no
sodium
carbonate
(ml)
pH
i n i t . f i n a l
phenyl  
p y r i d a z in e  
y i e l d  (mg)
isome r 
3 -
d i s t r i b u t i o n
(%)
4 -
145-147 none 7 2-1 37 .2 5 2 7 . 0 7 3 .0
148-150 10 10.5 6 .5 3 0 .3 8 2 6 . 8 7 3 .2
151-153 60 11.5 9 12 .3 1 1 5 .0 85 .0
154-156 90 11 .5 10 .5 3 .4 1 1 4 .8 85 .2
The d e c a r b o x y la t i o n  of  sodium benzoa te  ( 0 .0 5  mole) by ammonium 
p e r s u lp h a t e  (0 .03  mole) and s i l v e r  n i t r a t e  ( 0 .0 3  mole) in  the presen ce  
o f  p y r i d a z i n e  ( 0 ,0 1  mole) and vary in g  amounts o f  sodium carbonate  (10%)
Tab l e  XIXV
Analogy with the p y r i d in e  system i s  a l s o  observed  in  the  
r e d u c t i o n  o f  b i a r y l  y i e l d s  w i th  in c r e a s e  in  pH. Th is  i s  due t o  the  
reduced r e a c t i v i t y  o f  the p y r i d a z in e  m olecu le  wi th  r e s p e c t  t o  the  
p r o to n a te d  form of  p y r id a z in e  towards n n c l e o p h i l i c  s p e c i e s  ( th e  t o t a l  
e l e c t r o n  charge d e n s i t y  on the carbon atoms on p y r i d a z in e  are reduced  
on p r o t o n a t i o n ) .
H r qr Fr c
1 3 3 .8121 0 .4 6 0 0 - 0 . 1 5 6 5
'  ( f ^ t "
5 3
4 3 .9252 0 .4 2 5 2 - 0 . 4 1 2 0
5 3 .8729 0 .4417 0 .4 1 2 0
4 6 3 .8299 0 .4 4 4 0 0 .1565
r = p o s i t i o n  on protonated  p y r i d a z i n e ,
qr = e l e c t r o n  charge d e n s i t y  a t  r th  p o s i t i o n ,
c = c o e f f i c i e n t  of  LUMO f o r  pr o tonate d  p y r i d a z in e  on atom r .
T ab le  XXXVI
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Since  on ly  one of  the n i t r o g e n  atoms ( n i t r o g e n  1) i s  p r o t o n a te d ,  
the t o t a l  e l e c t r o n  charge d e n s i t i e s  and the f r e e  v a l e n c e  nnmhers fo r  
p o s i t i o n s  3 and 6,  and 4 and 5 are not  i d e n t i c a l ,  as the p o s i t i o n s  are  
no l o n g e r  e q u i v a l e n t .  Due to  the e l e c t r o n  withdrawing e f f e c t  o f  the  
p r o to n ,  the p o s i t i o n s  n e a r e s t  to  n i t r o g e n  are r e l a t i v e l y  more d e p l e t e d  
(qr3<qr6,  qr5<qr4.  The f r e e  v a l e n c e  for  t h e se  p o s i t i o n s  are  
r e l a t i v e l y  in c r e a s e d  (Fr3>Fr6,  Fr 5> F r 4) . Hence,  apart  from the o v e r a l l  
r e a c t i v i t y  o f  the molecule  towards n u c l e o p h i l i c  s p e c i e s  i n c r e a s i n g  
w it h  r e s p e c t  to  p y r i d a z in e ,  the p o s i t i o n s  n e a r e s t  t o  the pr o tonate d  
n i t r o g e n  w i l l  a l s o  exp e r ie n c e  in c r e a s e d  r e a c t i v i t y .  The average o f  
t h e s e  v a l u e s  have been taken as the time averaged v a l u e s  f o r  the 3—6 
p a i r  and the 4 -5  p a i r  and w i l l  be the same, as bo th  n i t r o g e n s  in  
p y r i d a z i n e  are i d e n t i c a l  and are as l i k e l y  t o  be p r o t o n a te d .
Since  the c o e f f i c i e n t  fo r  the LUMO i s  unchanged on p r o t o n a t i o n ,  
r e a c t i o n  o f  the 4 - p o s i t i o n  w i l l  be favoured over  the 3 - p o s i t i o n  when 
the m o le c u le  i s  in vo lve d  in  com p lexat ion  i n v o lv i n g  the n - o r b i t a l s  ( the  
c o e f f i c i e n t  o f  the LUMO i s  p r e s e n t  e n t i r e l y  in the  pz o r b i t a l ) .
The observed exper im enta l  r e s u l t s  are e n t i r e l y  c o n s i s t e n t  w i t h  
the t h e o r y .  As the pH i s  in c r e a s e d ,  the e x t e n t  o f  p r o t o n a t i o n  
d e c r e a s e s ,  hence the o v e r a l l  r e a c t i v i t y  d e c r e a s e s  ( p y r id a z i n e  has a 
lower  r e a c t i v i t y  than protonated  p y r i d a z i n e ) ,  as the c o n c e n t r a t i o n  of  
H^  goes  down, complexat ion  of  p y r i d a z in e  w i th  Agn i n c r e a s e s  (H i s  in  
c o m p e t i t i o n  w i th  Agn^ for  p y r i d a z i n e ) ,  t h i s  l ea d s  to  g r e a t e r  charge  
c o n t r o l  and hence a g r e a t e r  r e a c t i v i t y  o f  the p o s i t i o n  w i t h  the  
g r e a t e s t  c o e f f i c i e n t  in the LUMO o f  p y r i d a z i n e ,  i . e .  the 4 - p o s i t i o n .
As in  the case  o f  p y r i d in e  ( S e c t i o n  D . 6 ) ,  The y i e l d s  o f  
p h e n y l p y r i d a z i n e s  and the pKa v a lu e  o f  p y r i d a z in e  have been  used t o  
c a l c u l a t e  the r a te  c o n s ta n t s  fo r  the a t t a c k  o f  phenyl  r a d i c a l s  on 
p r o t o n a t e d  and unprotonated  p y r i d a z i n e .
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p r o p o r t i o n a l i t y  c o n s ta n t pH range  
( i n i t i a l )
va lue
Xpyridaz ine * a 7 -  10 .5 4 X 10-1
Kpyridazine*a 7 -  10 .5 2
Kpyridazine*b 7 -  10 .5 4 X 10-3
Kpyridazine*b 7 -  10 .5 2 X 10-4
D .8
The d e c a r b o x y l a t i o n  of  sodium benzoate  bv ammonium p e r s u lp h a t e  and 
s i l v e r  n i t r a t e  in pyraz ine  at  varying pH.
P yr az in e  i s  a symmetrical  m o le c u le ,  hence ,  th e re  i s  no change in  
the  isomer r a t i o s  w i th  changes in  pH. As in  the case  o f  p y r i d in e  and 
p y r i d a z i n e ,  however, the y i e l d  o f  b i a r y l  d e c r e a s e s  w i t h  an i n c r e a s e  in  
pH.
E x p t . 
no
sod ium 
carbonate  
(ml)
pH phenyl
p y r i d a z in e
y i e l d
y i e l d
w . r . t .
pyraz ine
y i e l d
w . r . t .
phenyl
i n i t . f i n a l
169-171 none 7 2-1 7 .4 0 0 .4 7 0 .0 9
172-174 10 10.5 6 .5 5 .9 6 0 .3 8 0 .0 8
175-177 60 11.5 9 2 .0 7 0 .1 3 0 .0 3
178-180 90 11.5 10 .5 0 . 4 8 0 .0 3 0 .0 1
The d e c a r b o x y la t i o n  o f  sodium benzoate  ( 0 .0 5  m o le ) ,  by ammonium 
p e r s u l p h a t e  ( 0 .0 3  mole) and s i l v e r  n i t r a t e  ( 0 .0 3  m o le ) ,  in  the presence  
o f  p y r a z in e  ( 0 .0 1  m ole ) ,  and vary in g  amounts o f  sodium carbonate  (10%).
Table XXXVII
The c o e f f i c i e n t  of  the LUMO of  the carbon atoms in  pyraz in e  are
not  s i g n i f i c a n t l y  a l t e r e d  on p r o t o n a t i o n .  As in  the c a s e s  o f  p y r i d in e
and p y r i d a z i n e ,  the  t o t a l  charge d e n s i t y  on the carbon atoms are
reduced ,  t h e r e  i s  a l s o  an i n c r e a s e  in  f r e e  v a l e n c e  numbers but  the
change i s  m arg in a l .
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H r qr Fr c
2 3 .8467 0 .4625 0 .2955
3 3 .8402 0.4343 0 .2927
5 3.8407 0.4343 0.2993
4
6 3 .8432 0 .4634 0 .2 9 1 9
r = r th  p o s i t i o n  in  protonated  pyraz in e  
qr = t o t a l  charge d e n s i t y  a t  r th  p o s i t i o n  
Fr = f r e e  v a l en ce  a t  r th  p o s i t i o n  
c = c o e f f i c i e n t  of  LUMO at  r th  p o s i t i o n
Parameters ob t a i ned from INDO^^  ^ c a l c u l a t i ons on p r o t onated  pyraz i ne .
T ab le XXXVII I
D.9
Th e _d e car b oxy1 a Uon _o  f_ben z o i ç_aç id_by_ammonium_persulphate_and_si lyer  
n i t r a t e  i n pyr imidine^
The isomer r a t i o s  o f  pheny lpyr im id ines  obta in ed  from a t t a c k  o f  
p r o to n a te d  pyr imid ine  by phenyl  r a d i c a l s  i s  d i f f e r e n t  from the r a t i o s  
o b t a in e d  from the a t t a c k  of  the unprotonated b a s e .
E x p t . 
n o . mg
B ia r y l  y i e l d
% w . r . t .
ac id
Isomer r a t i o
mMole % w . r . t ,
base
2 - 4 - 5-
181 4 .4 2 7 .3 92 .7 -
182 4 .4 6 6 .7 93 .3 —
183 4 .0 1 5 .9 94 .1
ave 4 . 2 8 0 .027 0 .27 0 .0 5 6 .8 93 .2
B enzo ic  ac id  ( 0 .025  mole) was d e c ar b oxy la te d ,  by ammonium p e r s u lp h a t e  
( 0 . 0 1 7 5  mole)  and su lp h u r ic  ac id  (0 .005  m o le ) ,  in  a s o l u t i o n  of  
p yr im id in e  ( 0 .005  mole)  and water  (13 ml) a t  85-95®C under r e f l u x .  
S i l v e r  n i t r a t e  (0 .0 1 7 5  mole)  was used as  a c a t a l y s t .
T a b l e  XXXIX
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Of a l l  the h e t e r o c y c l e s  s tu d ie d ,  pyr im id ine  i s  the o n ly  one th a t  
has n i t r o g e n s  me t a — t o  one another .  The p r o p e r t i e s  o f  pyr im id ine  have 
been  d i s c u s s e d  on t h i s  b a s i s  ( S e c t i o n  1 . 2 . 3 . 2 . 2 . ) .  Protonated  
p y r im id in e  l i k e w i s e  d i f f e r s  from the p ro tonated  forms o f  the o th e r  
h e t e r o c y c l e s  s t u d i e d .  Whereas the c o e f f i c i e n t  o f  the LUMO fo r  the  
carbon atoms in p y r i d i n e ,  p y r id a z in e  and p yr a z in e  (and t h e i r  
p r o t o n a te d  forms) a l l  have la r g e  v a l u e s  in  the pz o r b i t a l  and zero  
v a l u e s  in  the s ,  px,  and py o r b i t a l s ,  in the case  o f  pr o tonate d  
p y r i m i d i n e ,  the v a l u e s  are e n t i r e l y  on the s ,  px,  and py o r b i t a l s , the  
pz o r b i t a l  having zero  v a l u e s .  [The c o e f f i c i e n t  o f  the LUMO of  
unprotonated  pyr im id ine  l i e s  e n t i r e l y  in  the pz o r b i t a l . ]
a tom o r b i t a l c o e f f i c i e n t
c . s 0.0560
» » p i —0.0 866
t  > py 0.0838
t  1 pz 0.0000
s -0.0171
I t px -0.0074
1 1 py 0.0257
« » pz 0.0000
s -0.0418
» » px 0.1279
1 f py -0.0237
I » pz 0.0000
s 0.0398
* » px -0.0915
» » py 0.0786
f f pz 0.0000
The e i g e n v e c t o r s  for  the carbon atoms in pyr im id ine  as 
c a l c u l a t e d  bv INDO^** methods
T ab le  XXXX
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The observed change i s  not  dne to  a change in  the shapes o f  the  
o r b i t a l s  t h e m s e lv e s ,  bnt due to  a change in the o r b i t a l  e n e r g i e s  such 
t h a t  the energy o f  the se v e n te e n t h  o r b i t a l ,  which correspond s  t o  the  
the shape o f  the LTJMO in unprotonated p y r im id in e ,  i s  a t  a h i g h e r  
energy  l e v e l  than the LUMO in  protonated  p yr im id in e .
The r e s u l t s  observed in Table XXXIX cannot be e a s i l y  e x p l a in e d  by 
the c o e f f i c i e n t s  o f  the LUMO of  p y r im id in e ,  s i n c e  the p r e c i s e  
o r i e n t a t i o n  o f  a t t a c k  by phenyl  r a d i c a l s  i s  not  known.
The f r e e  v a l e n c e  fo r  the carbon atoms in  pro tonated  py r im id in e  i s  
i n c r e a s e d  w i t h  r e s p e c t  to  the f r e e  v a l en ce  in  p y r i m i d i n e .  Of t h i s  
i n c r e a s e  71.6% goes  t o  the 4- p o s i t i o n ,  27.6% goes t o  the 2 -  p o s i t i o n  
and 0.8% goes  to  the 5 -  p o s i t i o n .  This  w i l l  cause an i n c r e a s e d  y i e l d  
in  the 4 - p o s i t i o n  and some in c r e a s e  in the 2- p o s i t i o n .
r qr Fr
2 3 .6729 0 .4 7 1 8
4 3 .7286 0 .4635
5 4 .0 0 7 4 0 .4 2 2 6
6 3 .7625 0 .4 6 3 1
r = p o s i t i o n  on protonated  pyrimidine
qr = e l e c t r o n  charge d e n s i t y  at  r th  p o s i t i o n
Free v a l e n c e  numbers and t o t a l  e l e c t r o n  charge d e n s i t i e s  
c a l c ul a t e d  bv IKDO^** methods^
T ab le  XXXXI
Page D-79
The t o t a l  e l e c t r o n  charge d e n s i t y  in  the carbon atoms in  
pr o t o n a te d  pyr im id ine  i s  decreased  w i th  r e s p e c t  to  the v a l u e s  in  
unprotonated  pyr im id in e .  Of t h i s  d e c r e a s e ,  58.8% i s  in  the
4 - p o s i t i o n ,  29.3% i s  in  the 2 - p o s i t i o n  and 11.9% i s  in  the 5 - p o s i t i o n .  
This  w i l l  r e s u l t  in an i n c re a s e d  r e a c t i v i t y  mainly  in  the 4 - p o s i t i o n  
and 2—p o s i t i o n  and some in c r e a s e  in the 5—p o s i t i o n .
Though the change in  f r e e  v a l en ce  and t o t a l  charge d e n s i t y  w i l l  
c o n t r i b u t e  to  the  observed change in  r e a c t i v i t y ,  i t  cannnot account  
f o r  the complete  absence o f  the 5 - i s o m e r ,  p a r t i c u l a r l y  s i n c e  in  
a b s o l u t e  terms the r e a c t i v i t y  o f  the 5 - p o s i t i o n  should a l s o  i n c r e a s e .  
However, as we have seen  wi th  p y r i d in e  p y r i d a z i n e ,  and p y r a z in e ,  the  
r e a c t i v i t y  o f  the h e t e r o c y c l e s  in  aqueous a c i d i c  media i s  g e n e r a l l y  
low though the r e l a t i v e  p r o p o r t io n s  o f  the a r y l a t e d  or a l k y l a t e d  
i somers  i s  as expected  on the b a s i s  o f  the r e a c t i v i t i e s  o f  the v a r i o u s  
p o s i t i o n s  in the h e t e r o c y c l e .
D.IO
The de c a r b o x y l a t i o n  of  c y c l o h e x y l c a r b o x y l i c  ac id  by ammonium
p e r s u l p h ate i n p y r i d i n e .
Though the c y c lo h e x y l  r a d i c a l  i s  expec ted  t o  be much more 
n u c l e o p h i l i c  than the phenyl  r a d i c a l  , the o v e r a l l  y i e l d s  o f  
c y c l o h e x y l a t e d  p y r i d i n e s  was not  much g r e a t e r  than the  y i e l d s  o f  
p h e n y l p y r i d i n e s  obta in ed  on p h é n y l a t io n  by the dec o m p o s i t io n  o f  
b e n z o i c  a c i d  or sodium benzoate  in p y r i d i n e .
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E x p t . 
n o . mg
B ia r y l  y i e l d
% w . r . t .
a c id
Isomer r a t i o
mMole % w . r . t .
base
2 - 3 - 4 -
157 46 4 .2 8 41 .5 3 9 .26 4 9 .2 1
158 48 1 .3 9 4 1 .2 0 9 .0 8 4 9 .7 2
159 433 .82 4 1 .6 9 8 .95 4 9 .3 6
ave 45 9 .8 2 .8 6 28 .56 5 .7 1 41 .5 9 .1 4 9 .4
Cyc lohexy l  c a r b o x y l i c  ac id  ( 0 .0 5  mole) was d e c a r b o x y la te d  by 
ammonium p e r s u lp h a te  ( 0 .03  mole) and su lp h u r ic  a c id  ( 0 .0 1  mole)  
in a s o l u t i o n  of  p y r i d in e  ( 0 .0 1  mole) and water (25 m l ) .  S i l v e r  
n i t r a t e  ( 0 .0 3  mole) was used as a c a t a l y s t .
Table XXXXII
The r e l a t i v e  y i e l d s  of  the three  i som er ic  c y c l o h e x y I p y r i d i n e s  
correspond to  the c o e f f i c i e n t s  o f  the LUMO for  p y r i d in e  [ the
c o e f f i c i e n t s  of  the LUMO f o r  p y r id in e  and p ro tonated  p y r i d in e  are
i d e n t i c a l  (Table X I V ) ] .
Vaines  for  the c y c l o h e x y l a t i o n  of  unprotonated p y r i d i n e  could not  
be ob ta in ed  in the l i t e r a t u r e .  (Jyclohexyl  r a d i c a l s  der ive d  from 
c yc lohexane  v i a  hydrogen a b s t r a c t i o n  by t r i p l e t  s t a t e s  o f  k e to n e s  can 
a t t a c k  benzene to  u l t i m a t e l y  y i e l d  c y c lo h e x y I b e n z e n e ^ *®.
S h e l to n  and U z e lm e ier i**  p h o t o ly se d  d i - t e r t - b u t y l  p e r o x id e  in
c y c lo h e x a n e ,  in  the presen ce  o f  v a r io u s  aromat ic  s o l v e n t s ,  t o  form
c y c l o h e x y l  r a d i c a l s  which s u bsequent ly  a t tacked  the aromat ic  s o l v e n t .
I f  meta/ ortho + para r a t i o s  are measured,  the  c y c l o h e x y l  r a d i c a l  
appears to  be more n u c l e o p h i l i c  than the pheny l  r a d i c a l  in t h i s  
sys tem , however,  i f  the meta/ para r a t i o s  are measured,  b o th  r a d i c a l s  
appear to  have s i m i l a r  nuc1e o p h i l i c i t i e s .
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As e x p e c t e d ,  the change o f  c a r b o x y l i c  ac id  does not  a f f e c t  the  
e x t e n t  o f  p r o t o n a t i o n  of  the base ( the  i n i t i a l  pH i s  between 1—6 . 5  and 
the  f i n a l  pH 2 -1  in  a l l  c a s e s  where no sodium carbonate  i s  added) .  
This  i s  because  su lp h u r ic  ac id  i s  a much s t r o n g e r  ac id  than any o f  the  
o r g a n ic  a c i d s  used,  so the r e l a t i v e  s t r e n g t h s  o f  the organ ic  a c id s  
have l i t t l e  e f f e c t .
D . l l
The decarb o x y l a t i on of  cyc lohexane c a r b o x y l i c  a c id  by
p e r s u l p h a t e  i n aqueous p y r id in e  and a c e t o ne.
ammonium
The pre sen ce  o f  acetone  i n c r e a s e s  the s o l u b i l i t y  o f  cyc lohexane  
c a r b o x y l i c  ac id  in  aqueous protonated  p y r i d i n e ,  but  s in c e  the  
s o l u b i l i t y  o f  the a c id  in the system at  around 95®C i s  h igh  anyway,  
t h i s  does not  r e s u l t  in  an inc re ase d  y i e l d  o f  b i a r y l  ( y i e l d  in water  = 
5.7%, y i e l d  in  ace tone  and water  = 1.4%).
E x p t . 
n o .
B ia r y l  y i e l d Isomer r a t i o
mg mMole % w . r . t .
base
% w . r . t .
ac id
2— 3— 4 -
160 1 0 2 .3 7 1 6 .3 9 58 .57 2 5 .0 4
161 1 0 9 .4 2 1 6 .6 4 59 .34 2 4 .0 2
162 1 1 4 .6 6 16 .5 5 58 .1 9 25 .2 6
ave 1 0 8 .8 0 .6 7 6 6 .7 6 1 .4 16 .5 58 .7 2 4 .8
C y c lo h e x y l  c a r b o x y l i c  ac id  ( 0 .0 5  mole) was d e c a r b o x y la te d  by 
ammonium p e r s u lp h a t e  ( 0 .03  mole)  and s u lp h u r ic  a c id  ( 0 . 0 1  mole)  
in  a s o l u t i o n  of  p y r i d in e  ( 0 .0 1  m o le ) ,  acetone  (25ml) and water  
(25 m l ) .  S i l v e r  n i t r a t e  ( 0 .0 3  mole) was used as a c a t a l y s t .
T ab le  XXXXIII
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There i s  c o n s id e r a b l e  change in  both  y i e l d s  and isomer r a t i o s  in  
the p r e s en ce  o f  a c e to n e .  The b i a r y l  y i e l d  i s  lowered .  The isomer  
r a t i o  o f  ^ ^ - c y c l o h e i y l p y r i d i n e  i n c r e a s e s  w h i le  the r a t i o  o f  the  
o r th o -  and para-  isomers d e c r e a s e .
The r e a c t i o n s  in ace tone  are c om p l ica ted .  Acetone é n o l i s a t i o n  i s  
an important  par t  o f  s igma-complex form at ion  in the r e a c t i o n  between  
meta - d i n i t r o b e n z e n e  and acetone^** .  A d d i t ion  o f  la rg e  amounts o f  
water  s harp ly  d e c r e a s e s  the r a te  o f  complex form at ion .  With sm al l  
amounts o f  water  in  s o l u t i o n ,  the d e c r ease  in  the complex form at ion  
r a te  i s  a s s o c i a t e d  wi th  both the é n o l i s a t i o n  e q u i l i b r iu m  s h i f t  and 
w ith  s t a b i l i s a t i o n  due to  s p e c i f i c  s o l v a t i o n  of  the s igma-complex by  
w ate r ,  A n e g a t iv e  s a l t  e f f e c t  i s  observed in  the form at ion  of  s igma-  
complexes  o f  meta- d i n i t r o b e n z e n e  and MeCOCH^K. This  i s  due t o  the  
d i f f e r i n g  s t a b i l i t i e s  of  the acetone  carbanion in the r e a c t i o n  system.  
The e f f e c t  o f  the s a l t  anion on complex form at ion  i s  smal l^**.
Acetone shows c o m p e t i t i v e  i n h i b i t i o n  in  the r e a c t i o n  between Fe^
3 +and No complex i s  formed between acetone  and Fe , i n s t e a d
3 +th e r e  i s  a b ind ing  o f  the secondary Fe -B^O* complex by a c e to n e ,  one
a c e to n e  m olecu le  b ind ing  upto nine m o le c u le s  of  the secondary complex.
2A c e to n y l  r a d i c a l s  r e a c t  w i th  Fe ions ;
F e ( I I )  + CEgCOMe -----------> F e ( I I I )  + “ CH^ COMe (128)
The above r e a c t i o n  i s  n e g l i g i b l e  when pE = 1,  but  s i g n i f i c a n t  when 
pH = 7 1 * : .
I t  i s  apparent ,  t h e r e f o r e ,  t h a t  i n t e r a c t i o n s  between a c e t o n e ,  
metal  i o n s  and water  are invo lved  and can be s e n s i t i v e  to  changes in  
pH.
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The com p lexat ion  of  s i l v e r  ions  w i th  p y r i d in e  l e a d s  t o  i n c r e a s e d  
y i e l d s  o f  c y c l o h e x y I p y r i d i n e s  and, in  p a r t i c u l a r ,  o r th o—c y c l o h e x y l — 
p y r i d i n e ,  ace tone  hy a c t in g  as an i n h i b i t o r  (as  in  the case  o f  the  
Fe , sys tem^*^) ,  can reduce both  the o v e r a l l  y i e l d  o f  b i a r y l
and the isomer r a t i o  o f  the or tho- c y c l o h e x y I p y r id  ine i somer.  Acetone  
may a l s o  be in vo lve d  in  reducing the n - o v e r la p  between p y r i d i n e  
m o l e c u l e s ,  thereby  reducing the y i e l d  o f  the para— isomer ( S e c t i o n  
D . l . 1 . 1 . 2 ) .
D.12
The de c a r b o x y l a t i o n  of  b e nzo ic  ac id  by ammonium p e r s u lp h a te  in  aqueous  
p y r i d i ne and a c e to n e .
The complex i n t e r a c t i o n s  between a c e ton e ,  water  and metal  i o n s ,  
have been d i s c u s s e d  ( S e c t i o n  D . l l ) .  The e f f e c t  o f  ace tone  on the  
p h é n y l a t i o n  of  p y r i d in e  i s  s i m i l a r  t o  i t s  e f f e c t  on the  
c y c l o h e x y l a t i o n  of  p y r i d i n e .
E x p t . 
no.
B ia r y l  y i e l d Isomer r a t i o
mg mMole % w . r . t .  
base
% w . r . t .
acid
2 - 3 - 4 -
163 16 .0 3 1 8 .2 7 56 .69 2 5 .0 4
164 17 .8 6 1 8 .6 9 56 .3 9 2 4 .9 2
165 1 4 .0 2 18 .3 9 56 .2 5 2 5 .3 6
ave 1 6 .0 0 .1 0 3 1 .03 0 .21 18 .5 5 6 .4 2 5 .1
B enzo ic  a c id  ( 0 .0 5  mole) was decarboxy la ted  by ammonium p e r s u lp h a t e  
( 0 . 0 3  mole) and s u lp h u r ic  ac id  ( 0 .0 1  m o le ) ,  in  a s o l u t i o n  o f  p y r i d in e  
( 0 . 0 1  m o le ) ,  ace tone  (25 ml) and water  (25 m l ) .  S i l v e r  n i t r a t e  
( 0 . 0 3  mole)  was used as a c a t a l y s t .
TABLE XXXXrV
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The o x i d a t i o n  of  by Fe^ i s  s i m i l a r  to  the o x i d a t i o n  o f  Ag^
w i t h  p e r s u lp h a te  i n v o lv in g  The mechanism proceeds  w i t h  the
o x i d a t i o n  of  to  m olecu lar  oxygen w i th  d i s i n t e g r a t i o n  o f  the
p e r s u lp h a t e  0 - 0  bond. E l e c t r o n s  are t r a n s f e r r e d  from the o x i d i s i n g
subs tance  to  the p e r su lp hate  w i th ou t  the d i sp lac e m en t  of  the o x i d i s e r
oxygen atoms. Competit ive i n h i b i t i o n  o f  the Ag^ and p e r s u lp h a te
3 +r e a c t i o n  by acetone  (as  in  the case  of  the Fe and B^O, system) could  
take  p l a c e ,  r e s u l t i n g  in decreased  b i a r y l  y i e l d s .
D.13
The mé t h y l a t i o n  o f  pyr id in e  bv the d e c a r b o x y la t i o n  of  a c e t i c  ac id  by 
ammonium p e r s ulphate  and s i l v e r  n i t r a t e .
This  r e a c t i o n  was p r i m a r i ly  conducted as a c o n t r o l  exper im ent ,  
and was the only experiment by M in i s c i  e t .  ^ ^ . 1 2 0 , 121 , 123 , 137 , 197^^^; 
d i s t r i b u t i o n s  were g iv en .
E x p t . 
n o .
Methylpyrid ine  y i e l d Isomer r a t i o
mg mMole % w . r . t .
base
% w . r . t .
ac id
2 - 3 - 4-
166 3 0 6 .7 6 5 4 .5 2 4 .3 2 41 .1 6
167 282 .23 54 .94 4 .3 9 40 .6 7
168 295 .45 54 .93 4 .45 41 .6 2
ave 2 9 4 .8 3 .1 7 31 .7 6 .3 4 54 .5 4 .4 41 .1
A c e t i c  ac id  ( 0 .0 5  mole) was de c ar b oxy la te d  by ammonium p e r s u lp h a te  
( 0 . 0 3  mole)  and su lphur ic  ac id  ( 0 .0 1  m o l e ) , in  a s o l u t i o n  of  p y r i d in e  
( 0 . 0 1  m o l e ) ,  acetone  (25 ml) and water  (25 m l ) .  S i l v e r  n i t r a t e  
( 0 . 0 3  mole)  was used as a c a t a l y s t .
T ab le  XXXXV
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A 51.5% y i e l d  o f  2 , 4 - d im e t h y lp y r i d i n e  was a l s o  r e p o r te d ,  but  we 
did not  attempt t o  i d e n t i f y  t h i s  isom er .  Though the authors r e por ted  
a hundred pe r c en t  c o n v e r s io n  o f  the h e t e r o c y c l i c  b a s e ,  over  10% 
u n r eac ted  base was ob ta in ed  in  our expe r im en ts .  The reported  isomer  
d i s t r i b u t i o n s  for  the  m e t h y lp y r id in e s  were:  2 - ,  47%; 3 - ,  0%; 4 - ,  53%.
Though our r e s u l t s  do not  c o m p le t e ly  agree w i th  those  reported  by 
M i n i s c i  e t .  a l . i * ? ,  they  are c o n s i s t e n t  w i th  the r e s u l t s  ob ta in ed  fo r  
the c y c l o h e x y l a t i o n  and p h é n y l a t io n  of  p y r i d i n e .
The me t a - /  o r th o -  + para-  r a t i o  fo r  the m e t h y lp y r id in e s  i s  lower  
than t h a t  obta in ed  in  the pr e v io u s  c a s e s .  The i n i t i a l  pH in t h e se  
exper im ents  was 5 . 5 ,  though the f i n a l  pH was again  1 - 2 .  Since  
p y r i d i n e  i s  pr o tonate d  t o  a g r e a t e r  e x t e n t  i n  t h i s  system,  
n u c l e o p h i l i c  r a d i c a l s ,  l i k e  the methyl  r a d i c a l i s m ,  w i l l  a t t a c k  the  
o r th o -  and para-  p o s i t i o n s  o f  p y r i d in e  more r e a d i l y  than the  
meta- p o s i t i o n .
D.14
The_a11eck o f  pyraz i n e bv d io axany l  r a d i c a l s  generated  from dioxan by 
ammonium pe r s u l p h a t e .
The a b s t r a c t i o n  of  hydrogen from the a - p o s i t i o n  to  the oxygen of  
a l c o h o l s  and e t h e r s  occurs f r e q u e n t l y  and i s  a r e a d i l y  a v a i l a b l e  
source  o f  a - o x y a l k y l  r a d i c a l s ! * *. In the case  o f  c y c l i c  e t h e r s ,  the  
o x y a l k y l  r a d i c a l  a t t a c k s  the h e t e r o c y c l i c  s u b s t r a t e  w i thout  undergoing  
p - s c i s s i o n .
D ioxany l  r a d i c a l s  have been g e nera ted  by (a)
t - b u t y l - h y d r o p e r o x i d e  (75% in  d i - t - b u t y l  p e r o x id e )  and f e r r o u s  
s u l p h a t e  and (b) f e r r o u s  s u lphate  and hydrogen p e r o x i d e ,  in  the
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p r e s en ce  o f  pyraz ine^ *» ,  g i v i n g  a y i e l d  o f  38% 2 -d io x a n y lp y r a z i n e  
(A) ,  20% o f  the d i s n b s t i t u t e d  d e r i v a t i v e  (B) and 10% o f  the dimer ( C ) .
O
(A) (B)
O
(C)
The y i e l d s  are based on the h e t er o a r o m a t i c  b a s e ,  bnt  which of  the  
two sources  o f  d ioxany l  r a d i c a l s  were used in  the experiments  was not  
q u o t e d .
E x p t . 
no.
Dioxanyl  pyraz in e  y i e l d Isomer r a t i o
mg mMole % w . r . t .
p y r id in e
% w . r . t .
dioxan
d i -  
2 -  , 5 - ,
mono-
2 -
184 1 .8 4 • 3 3 .6 7 6 6 . 33
185 1 .91 3 3 .2 4 66 .7 6
186 1 .6 5 3 3 ,2 9 66 .7 1
ave 1 .8 7 .2 4 36 .2 1 .8 1 3 3 .4 66 .6
D ioxany l  r a d i c a l s  were generated  from dioxan ( 0 . 0 4  m o le ) ,  by  
ammonium p e r s u lp h a te  ( 0 ,0 6  m o le ) ,  in  a s o l u t i o n  o f  pyraz in e  
( 0 . 0 2  m o le ) ,  in  f i f t y  p e rcen t  su lp h u r ic  ac id  ( 0 .0 3  m o le ) .
T a b le  XXXXVI
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No at tempt was made to i s o l a t e  the dimer ( C ) . The r a t i o  of  (A) 
t o  (B) i s  s i m i l a r  to  that  obta in ed  by the methods used by M in i s c i  e t .  
a l , .^ * ’ . This  s u g g e s t s  that  ' f r e e  d i o x a n y l '  r a d i c a l s  are the a t t a c k i n g  
s p e c i e s  in  a l l  th e se  c a s e s .
D.15
The N- N i n t e r a c t i o n s :
We have s u g g e s te d  that  N-N i n t e r a c t i o n s  are r e s p o n s i b l e  fo r  some 
o f  the anomalies  observed in  the h e t e r o c y c l e s ,  for  example,  the  
in c r e a s e d  r e a c t i v i t y  o f  the 4 - p o s i t i o n  in  p y r i d in e  in  the p r e s en ce  o f  
i r o n ( I I I ) b e n z o a t e  ( S e c t i o n  D . 1 . 1 . 3 ) .
The p r esen ce  o f  such i n t e r a c t i o n s  are confirmed by comparing the  
b o i l i n g  p o i n t s  o f  th e se  h e t e r o c y c l e s  w i th  t h e i r  h om oly t ic  a n a lo g u e s ,  
or i so m e r s ,  where such a s s o c i a t i o n s  are absent  due to  the pre sen ce  o f  
s u b s t i t u e n t s  in  the v i c i n i t y  o f  the n i t r o g e n  atoms.
P y r i d i n e s  s u b s t i t u t e d  at  the 2 -  or 6 -  p o s i t i o n  have a lower  
b o i l i n g  p o i n t  than those w i thout  a s u b s t i t u e n t  a t  the correspond in g  
p o s i t i o n ,  e . g . ,  2 - m e th y lp y r id in e  ( b . p t .  129°C) and 2 - e t h y l p y r i d i n e  
( b . p t .  149°C) ,  both b o i l  about 15°C lower than the corespondin g  3 -  or 
4 - s u b s t i t u t e d  i som ers .  D im eth y lp yr id in e s  w i th  no a - s u b s t i t u e n t  b o i l  
a t  174+ 4®C, and w i t h  one s u b s t i t u e n t  a t  159+ 2®C, w h i l e  2 , 6 - l u t i d i n e  
b o i l s  a t  144®C. Thus, for  2 , 6 - l u t i d i n e ,  t h i s  p o s i t i o n  i s  c o m p le t e l y  
b l o c k e d ,  and the degree  o f  a s s o c i a t i o n  of  t h i s  compound i s  c l o s e  t o  
t h a t  o f  the  corresponding benzene d e r i v a t i v e ,  m-xylene ( b . p t .  139®C).
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D.16
The p e r tu rb â t  ion treatment  o f  chemical  r e a c t i v i t y .
Chemical r e a c t i v i t y  i s  u s u a l l y  d i s c u s s e d  in  terms of  the  
t r a n s i t i o n  s t a t e  theory** ,  but  t h i s  method has s e v er e  l im i ta t ion s* -**  
in  t h a t  n e i t h e r  the a c t i v a t i o n  energy nor the a c t i v a t i o n  entropy  can 
be c a l c u l a t e d  to  w i t h i n  reasonable  l i m i t s  o f  accuracy ,  e xc ep t  f o r  the  
s i m p l e s t  o f  r e a c t i o n s  ( e . g .  H + E^). The p r i n c i p l e  o f  c o n s e r v a t i o n
o f  o r b i t a l  symmetry, which d e l i e n a t e s  in  a s imple way those  r e a c t i o n s
which can occur and those  which cannot,  has been  p a r t i c u l a r l y  
s u c c e s s f u l  in  d e a l i n g  w i th  concerted  reactions**-® . These r u l e s  are  
p a r t  o f  a wider  scheme of  t r e a t i n g  chemical  r e a c t i o n s * * * ,  and o f  
e s t i m a t i n g  p o t e n t i a l  energy s u r fa c e s  in an approximate way.
. On the approach of  two i n t e r a c t i n g  sys tem s,  the  combined wave 
f u n c t i o n  o f  the perturbed  system i s  g iv en  by appropr ia te  com bin at ions  
o f  the wave f u n c t i o n s  o f  the two unperturbed molecules*-**.  By 
c o n s i d e r i n g  the i n t e r a c t i o n  of  each p a i r  of  o r b i t a l s  s e p a r a t e l y ,  the  
t o t a l  p e r t u r b a t i o n  energy can be found.
The o r b i t a l s  may i n t e r a c t  in  v a r io u s  ways depending on t h e i r  
symmetry and t h e i r  r e l a t i v e  e n e r g i e s .  In the p e r t u r b a t i o n  method,
t h i s  i s  r e p r e s e n t e d  by a Hamiltonian opera tor  H ' , which i s  a
m o d i f i c a t i o n  of  t h a t  o f  the i n i t i a l  system Ho, thus:
H = Ho + H'
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The Shrodinger equat io n  may be s o lv e d  by the usua l  v a r i a t i o n a l  
treatment  l ead in g  to  a s e t  o f  s im ultaneous  e q u a t io n s :
a ,  -  E
P -  E
=  0 (129)
f o r  the energy E, due to the i n t e r a c t i o n  of  o r b i t a l s  and o f
energy and , r e s p e c t i v e l y ,  P i s  the resonance i n t e g r a l  for  the
s p e c i f i c  i n t e r a c t i o n :
< 4 ^  H|
D .1 6 .1
Degenerate  o r b i t a l s
When = Qj, e . g . ,  f o r  the i n t e r a c t i o n  of  two i d e n t i c a l  atoms or 
r a d i c a l s ,  s o l u t i o n  of  the Schrodinger  e q u at ion  (wi th  n e g l e c t  o f  
o v e r la p )  g i v e s :
E+ = a + p, E_ = a -  p (130)
The combinat ion  of  two o r b i t a l s ,  thus g i v e s  r i s e  to  s p l i t t i n g ,  t o  
g i v e  bonding and ant i -b on d in g  o r b i t a l s  (F ig  3 ) .  For two e l e c t r o n s  the  
bond energy  i s  2^.
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F i g .  3
I n t e r a c t i o n o f  two s i n g l y  occupied dege nerate  o r b i t a l s .
This  i s  known as a f i r s t  order p e r t u r b a t i o n .
I f  the o r b i t a l s  are doubly f i l l e d ,  then accord in g  to  e q u a t io n  
( 1 3 0 ) ,
AE = 2P -  2p = 0
This  cannot be exact  s in c e  the i n t e r a c t i o n  o f  two c l o s e d  s h e l l s  
e . g .  two he l ium atoms, l ead s  t o  a net  i n c r e a s e  in  energy ,  i . e .  a 
r e p u l s i o n .  This  can be in troduced i n d i r e c t l y  by r e t a i n i n g  the ov e r la p  
i n t e g r a l  S in  the s o l u t i o n  o f  e quat ion  (129) which g i v e s
E+ = g + B and a ~ B -  E_
1 + S 1 -  S
(131)
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4 - h : '  , ' + +
ÎBk®Î a c t i o n  o f two doubly occupied de g e n e r a t e  o r b i t a l s .
Th is  r e l a t e s  the r e p u l s i o n  energy o f  c lo s e d  s h e l l s  t o  the ov e r la p  
i n t e g r a l ,  which i s  amenable to  c a l c u l a t i o n * * * .
D . 1 6 . 2
? ^ n ^ e £ e n e r a t e _ p r ^ a l s
U s u a l l y  Oj # a^,  i . e . ,  the i n t e r a c t i n g  o r b i t a l s  are
n o n - d e g e n e r a t e .  This  corresponds to  the i n t e r a c t i o n  o f  an e l e c t r o n
donor (a 2 - e l e c t r o n  o r b i t a l )  o f  energy , wi th  an unoccupied l e v e l  
o f  an e l e c t r o n  a c c e p to r ,  o f  energy .
S o l u t i o n  o f  equat io n  (129)*  then g i v e s * * * *
E = o .  + Oj + (Qj — O;)* + 4P* (132)
2
♦The s o l u t i o n  g iv e n  in r e f e r e n c e  148 .2  was i n c o r r e c t .  The c o r r e c t e d  
v e r s i o n  i s  g i v e n .
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H
I n t e r a c t i o n s of  a donblv o c c u p i e d o r b i t a l  of  energy g ^ w i th  an
o c c u p i e ^ o r b i  t a i _ o f _ e n e r g y  g^ .
I f  . >> a^ ,  E = 2a^ + 2B*/(aj^ -  a^)
(133)
Thus AE = 2B*/(a^ -  a j
The e n e r g i e s  c a l c u l a t e d  by t h e s e  procedures  r e f e r  t o  smal l  
i n t e r a c t i o n s  o n ly ,  as under th e se  c o n d i t i o n s  the wave f u n c t i o n  o f  the  
combined system can be a d e q u ate ly  r e p r e s e n t e d  by a combinat ion o f  the  
ground s t a t e  f u n c t i o n s .  A chemical  r e a c t i o n  proceed ing through a 
t r a n s i t i o n  s t a t e ,  however,  i n v o l v e s  c o n s id e r a b l e  d i sp lacem en t  o f  the  
n u c l e i ,  and we must determine t h e r e f o r e  under what c o n d i t i o n s  the  
i n i t i a l  p e r t u r b a t i o n  r e p r e s e n t s  the chemical  r e a c t i v i t y .
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An e m p ir i ca l  treatment o f  n u c l e o p h i l i c  r e a c t i v i t y * ^ *  i s
form ulated  by the f o l l o w i n g  r u l e s :  (1) The p o s i t i o n  of  the l a r g e s t
d e n s i t y  in the HOMO or LÜMO i s  a l s o  the p o s i t i o n  most l i k e l y  to
weaken the bonds,  wi th  ne ighbouring  atoms, for  e l e c t r o n  r e l e a s i n g  or
e l e c t r o n  a t t r a c t i n g  i n t e r a c t i o n ,  r e s p e c t i v e l y .  (2)  The energy
d i f f e r e n c e  between the o r b i t a l s  o f  donor and a c c e p to r  d e c r ea s e  as
the r e a c t i o n  p r o c e e d s .  (3) The c o e f f i c i e n t s  in  t h e se  o r b i t a l s  i n c r e a s e
( t o  the u l t i m a t e  va lue  of  u n i t y )  as the  r e a c t i o n  p r o c e e d s .  These
changes are more pronounced for  c-bonds than f o r  n-bonds,  in  view of
the  g r e a t e r  i n f l u e n c e  of  the over lap  i n t e g r a l  in  s a tu r a t e d  sy s tem s ,
and l e a d  to  r e - h y b r i d i s a t i o n ,  as in the form at io n  o f  an t r a n s i t i o nIS
s t a t e .  The r e a c t i o n  progress  i n v o l v e s  the c o n v e r s i o n  of  the i n i t i a l  
o r b i t a l s  i n t o  3 molecular  o r b i t a l s  c h a r a c t e r i s i n g  the t r a n s i t i o n  s t a t e  
as shown by the c o r r e l a t i o n  diagram for  a C-Cl bond i n  f i g u r e  7.
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C o r r e l a t i o n  diagram for  the i n t e r a c t i o n  of  an e l e c t r o n __donpr_w i t h _a  
C-Cl bond.
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I t  i s  seen t h a t  the i n t e r a c t i o n  o f  the n u c l e o p h i l e  o r b i t a l  w i th  
the  ant ibonding  o r b i t a l  o f  the e l e c t r o p h i l e  transforms i n t o  the  
non-bonding o r b i t a l  ( ex p re s s e d  o r i g i n a l l y * * *  as a resonance  hybr id  o f  
N~ RX and NR X ~ ) . The i n i t i a l  p e r t u r b a t i o n  thus d i r e c t s  the form at ion  
o f  the t r a n s i t i o n  s t a t e .
In aromatic  chem is try ,  the ra te  o f  e l e c t r o p h i l i c  s u b s t i t u t i o n  o f  
a range o f  p o l y c y c l i c  a l t e r n a n t  hydrocarbons i s  r e l a t e d  
l o g a r i t h m i c a l l y  t o  the b a s i c i t y * * * ,  as r e p r e s e n t e d  by the p r o t o n a t i o n  
e q u i l i b r i a  in  HF. S i m i l a r l y ,  the r e l a t i v e  r e a c t i v i t y  o f  two s i m i l a r  
aromat ic  compounds, e . g . ,  t o lu e n e  and benzene ,  towards d i f f e r e n t
e l e c t r o p h i l e s ,  g i v e s  a measure o f  the e x t e n t  o f  i n t e r a c t i o n  in  the
t r a n s i t i o n  s t a t e ,  as assumed in the ru le  of  Brown and N e l son *** .  S ince  
the s e l e c t i v i t i e s  (de f ine d  as r e a c t i v i t y  r e l a t i v e  t o  th a t  o f  benzene)
g i v e n  in t h i s  way, vary from ca.  1 . 5  t o  10* ,  a wide range of
t r a n s i t i o n  s t a t e  s t r u c t u r e s ,  as found f o r  S^2 and r e a c t i o n s ,  must 
o c c u r .  The t r a n s i t i o n  s t a t e  may, th u s ,  d i f f e r  c o n s i d e r a b l y  in  
s t r u c t u r e  from a Wheland i n t e r m e d i a t e * * ' .
D . 1 6 . 3
Radi c a 1 A b s t r a c t i o n  r e a c t i o n s
R ad ica l  r e a c t i o n s  may be t r e a t e d  in  the same way as n u c l e o p h i l i c  
s u b s t i t u t i o n s ,  but  here  the i n t e r a c t i o n  w i t h  occupied o r b i t a l s  must be 
c o n s i d e r e d .
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F i g .  8.
I n t e r a c t i o n  of_a s i ^ l z  o c cnnied o r b i t a l  i w i th the HOMO and LUMP
o r b i t  a l s__
In g e n e r a l ,  the i n t e r a c t i o n  of  the s i n g l y  oc cupied  j l e v e l  w i th  
the HOMO and LUJÎO k o r b i t a l s  w i l l  determine the p e r t u r b a t i o n  energy .
<
a*
/
F i g .  9
lihe i n t e r a c t i o n  of  a r a d i c a l  wi th  the C-H bond o f  a s a t u r a t e d
hydroca rbon.
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I f  we c o n s id e r  the i n t e r a c t i o n  o f  a r a d i c a l  R* w i th  a
s a t u r a t e d  hydrocarbon R'CH^-H ( F i g . 9 ) ,  the C-H bond i s  o r i g i n a l l y  
formed by the combinat ion o f  C and H atomic o r b i t a l s ,  as shown 
in  F igure  9 .  Owing to  the over la p  term [ e q u a t io n  1 3 1 ] ,  the energy  
o f  o* i s  u s u a l l y  very high and c o n s e q u e n t ly  R* i n t e r a c t s  more 
s t r o n g l y  w i th  a than w i th  a*.  In o th e r  words, r a d i c a l s  behave as weak 
e l e c t r o p h i l e s .  Th is  i s  not  n e c e s s a r i l y  the case  fo r  o th e r  types  o f  
r a d i c a l  r e a c t i o n s .  A d d i t ion  to  aromatic  systems i s  a s s i s t e d  by both  
e l e c t r o n  donat ing and e l e c t r o n  a t t r a c t i n g  s u b s t i t u e n t s ,  f o r  example:
+ X
This  i s  because  n* o r b i t a l s  are u s u a l l y  lower in energy than o* 
o r b i t a l s ,  and, hence ,  the i n t e r a c t i o n s  o f  the lone e l e c t r o n  w i th  jt and 
TT* l e v e l s  are comparable.
D .1 6 .4
The i n f l u e n c e  of  p o l a r i t y
So fa r  we have con c e n tr a te d  main ly  o f  the r e a c t i o n s  o f  no n -p o la r  
71 sys tems and m o le c u le s  o f  weak p o l a r i t y ,  e . g .  r a d i c a l s ,  where o r b i t a l  
i n t e r a c t i o n s  normal ly  determine the course  of  the r e a c t i o n .  For p o l a r  
m o l e c u l e s ,  the energy o f  Coulomb i n t e r a c t i o n  ( eq u a t io n  134)  may become 
important  and Coulomb and o r b i t a l  terms may be in  o p p o s i t i o n » .
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^  °  1  z  (134)
•J ^ aj  -  ak
The e q u a t io n  i s  der ived  from a p o l y e l e c t r o n i c  p e r t u r b a t i o n  trea tment  
and i s  an approximate equat ion  for  the p e r t u r b a t i o n  energy»»* .
I f  a n u c l e o p h i l e  i s  r e p r es e n te d  by a doubly f i l l e d  atomic o r b i t a l  
(Crs = 1 . 0 )  e q u a t io n  134 becomes:
“  = W t .  * :  Ç:kP:s_ (134a)
aj  -  ak
For c e r t a i n  r e s t r i c t e d  s e r i e s  o f  r e a g e n t s  t h e s e  two terms change  
in the  same d i r e c t i o n  wi th  a change in  s t r u c t u r e  of  the n u c l e o p h i l e .  
For example,  c o n s id e r in g  the s u b s t i t u t i o n  o f  an e l e c t r o n  a t t r a c t i n g  
s u b s t i t u e n t  A in  an a lkox id e  ion
CB -O ( - )  (&-)A<------- CE,-0(A-)
T h is  has the e f f e c t  o f  ( i )  reducing the formal n e g a t iv e  charge on the  
n u c l e o p h i l e  and ( i i )  reducing  the energy o f  the ' n u c l e o p h i l i c '  
o r b i t a l ,  ( j ) ,  l ead ing  to  decreased o r b i t a l  i n t e r a c t i o n .  Under t h e se  
c o n d i t i o n s  the  two n u c l e o p h i l e s  show the same r e l a t i v e  r e a c t i v i t y  
order  t o  a l l  e l e c t r o p h i l i c  c e n t r e s .
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Th is  i s  however not  always the c a s e ,  and the n u c l e o p h i l i c  order  
may change wi th  the nature of  the e l e c t r o p h i l e » » ® .
This  may be understood by comparing a l k y l a t i o n  and a c y l a t i o n .  
The f i r s t  term o f  eq u at ion  134 i s  smal l  fo r  a l k y l  h a l i d e s ,  and hence  
the  r e a c t i v i t y  order»»» f o l l o w s  the p e r t u r b a t i o n  g i v e n  by the second  
term, e . g .  I~ >Br~ >C1“ > F~ (F ig ure  1 0 ) ,  i . e . ,  i t  i s  o r b i t a l
c o n t r o l l e d .
/—----- — cf ’
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F i g . 10.  O rb ita l  i n t e r a c t i o ns in  a l k y l  h a l i d e s .
On the o ther  hand, in a c y l a t i o n ,  the f i r s t  term in  e q u a t io n  134 
i s  l a r g e  in view of  the high p o s i t i v e  charge on the  carbony l  carbon  
atom, and a l though the o r b i t a l  term i s  a l s o  i n c r e a s e d ,  s in c e  a n* 
l e v e l  i s  lower than a a* l e v e l ,  the f i r s t  term i s  dominant and l e a d s  
t o  a r e v e r s e  n u c l e o p h i l i c  order ( t h i s  p r o v id e s  a t h e o r e t i c a l  b a s i s  f o r  
th e  concept  o f  'hard'  and ' s o f t '  a c id s  and b a s e s » » » ) ,  i . e . ,  t o  charge  
c o n t r o l » » * .
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D .1 6 .5
P o s i t i o n a l  r e a c t i v i t y
Hie p e r t u r b a t i o n  method i s  p a r t i c u l a r l y  u s e f u l  in  the p r e d i c t i o n  
o f  the r e l a t i v e  r e a c t i v i t y  o f  two or more n u c l e o p h i l i c  c e n t r e s  
in a g i v e n  n u c l e o p h i l e  towards a range o f  e l e c t r o p h i l i c  r e a g e n t s .  
This  i s  because  the c o e f f i c i e n t s  on atoms of  the  v a r i o u s  o r b i t a l s  
o f  a l t e r n a n t  hydrocarbons and t h e i r  he teroarom at ic  ana logues  u s u a l l y  
change in a r e g u la r  way. The i n f l u e n c e  of  the heteroatom  can be 
in trodu ced  as a p e r t u r b a t i o n  as in  the method of  Coulson and 
Longuet“Higg i n s » » • , which m o d i f i e s  the form of  the wave f u n c t i o n .
D .1 6 .6
Charge and o r b i t a l  c o n t r o l
. In g e n e r a l  the r e a c t i o n s  of  the aromatic  s p e c i e s  w i l l
be charge or o r b i t a l  c o n t r o l l e d  in  view o f  the e x t e n s i v e  i n t e r a c t i o n  
w i t h  the n - s y s te m .
The charge d e n s i t i e s  (Crj)  on o -  and p -  carbon atoms of  t o lu e n e  
( a l s o  f o r  a n i l i n e ,  a n i s o l e  e t c . )  can be r e p r es e n te d  d ia g r a m m a t ic a l ly  
(F ig u r e  1 1 . ) .  A l t e r n a t i o n  l e a d s  t o  the c o n c lu s i o n  th a t
%  > but
Thus s trong  p e r t u r b a t i o n  (as measured by a l a r g e  Brdnstead  
c o e f f i c i e n t ,  or a la rg e  r e a c t i o n  s e l e c t i v i t y ) ,  should l e a d  t o  
e x c l u s i v e  p - s u b s t i t u t i o n  (as  in  F r i e d e l  Craf ts  a c y l a t i o n ) ,  weaker  
p e r t u r b a t i o n  should lead  to  g r e a t e r  o—s u b s t i t u t i o n .
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Figj_12_^ Charge d e n s i t i e s  on t h e o -  and p-carbon a toms in t o l u e n e.
The a v a i l a b l e  exper im enta l  data»»^ f o r  t o lu e n e  ( i n  homogenous 
s o l u t i o n )  are in genera l  agreement w i t h  those  p r e d i c t i o n s .  The above  
t rea tm ent  i s  an o v e r - s i m p l i c a t i o n  o f  the p r o c e s s ,  and in  p a r t i c u l a r  
a l l  the o r b i t a l s  1— > 4 should be c o n s id e r e d .  This l ea d s  t o  
i n t e r e s t i n g  r e s u l t s  in  the case  o f  p y r i d i n e - N - o x i d e , where  
c a l c u l a t i o n s  o f  the t o t a l  p e r t u r b a t i o n  energy  ( e q u a t io n  134) w i t h  
g r a d u a l l y  changing v a l u e s  o f  ( j — k) show a change in r e a c t i v i t y  from 
C _ > > C , - .  E l e c t r o p h i l i c  s u b s t i t u t i o n  has been  observed  i n
t h e s e  t hree  p o s i t i o n s  w i th  change in  e l e c t r o p h i l e » » * .
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Michael  a d d i t i o n  to  n nsa tnra ted  k e to n e s  may he a t t r i b u t e d  
to  the l a r g e  c o e f f i c i e n t  on the LUMO on the term in a l  carbon (C  ^ =
0 . 4 3 5 ,  = 0 . 3 0 3 ) .  The charge d e n s i t i e s  are i n  the o p p o s i t e
d i r e c t i o n  however (q^ = 0 . 2 8 6 ,  q  ^ = 0 . 3 9 2 ) ,  and hence r e a c t i o n s
i n v o l v i n g  s trong  Conlombic i n t e r a c t i o n ,  e . g . ,  r e d u c t i o n  w i t h  AlHJ or 
BHj, proceed  at  the carboqyl  group.
  cp.
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F i g .  13 .  Charge d e n s i t i e s  in p o s i t i o n s  2 -  and 4 -  o f  p y r i d i n e .
S i m i l a r l y  in  the r e d u c t io n  of  p y r i d in e  and pyr id in iu m  s a l t s » » * ,  
the LUMO i s  used in  the i n i t i a l  s t a g e s  o f  bond fo rm a t io n .
F ig u r e  13 shows th a t  the c o e f f i c i e n t s  on C^  and C^  a l t e r n a t e  such 
t h a t  f o r  the LUMO, C® > C®, but  q% > . Th is  means t h a t  r e a g e n t s
which  i n t e r a c t  s t r o n g l y ,  r e a c t  i n  the 4 - p o s i t i o n ,  whereas r e a g e n t s  
which e x p e r ie n c e  a large  Coulombic ( e l e c t r o s t a t i c )  i n t e r a c t i o n  tend t o  
r e a c t  in  p o s i t i o n  2 .
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E x p e r i m e n t a l ly » » ’ i t  i s  found t h a t  S^O,", which forms a s trong  
complex,  reduces  the 4 - p o s i t i o n ,  whereas BH^, which cannot i n t e r a c t  
c o v a l e n t l y ,  reduces  the 2 - p o s i t i o n .
bh;
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D.17
SUMMARY
A study  has been  made o f  the r e a c t i v i t y  o f  n i t r o g e n  c o n t a in i n g  
aromat ic  h e t e r o c y c l e s  towards f r e e  r a d i c a l s .
O x id i s in g  agents  [ c o p p e r ( I I ) b e n z o a t e ,  i r o n ( I I I ) b e n z o a t e ,  
me t a - d i n i t r o b e n z e n e  and p e n t a f l u o r o n i t r o s o b e n z e n e ]  have l i t t l e  e f f e c t  
on the b i a r y l  y i e l d  in  the p h é n y l a t io n  o f  p y r i d i n e ,  p y r i d a z in e  or 
p y r i d a z i n e ,  but  have some c a t a l y t i c  e f f e c t  in  the  p h é n y l a t i o n  of  
p y r i m i d i n e .
I t  i s  su g g e s te d  t h a t  t h i s  d i f f e r e n c e  i s  due to  the  d i f f e r e n c e  
between  the redox p o t e n t i a l s  o f  the e l e c t r o n  a c c e p t o r s  normal ly  
p r e s e n t  in  the sys tem.
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R e l a t i v e  r a t e s  o f  a t t a c k  and isomer d i s t r i b u t i o n s  o b t a in e d  in  the  
c o m p e t i t i v e  p h é n y l a t i o n  of  benzene w i th  the h e t e r o c y c l e s  were found t o  
vary wi th  (a)  both the i n i t i a l  perox id e  c o n c e n t r a t i o n ,  and (b)  the
r e l a t i v e  amounts o f  benzene and the h e t e r o c y c l e .  Th is  cou ld  be due t o  
the com p lexat ion  between the reagent  and the h e t e r o c y c l e ,  and i n  some 
c a s e s ,  w i th  the c a t a l y s t .  Inc r ease d  com p lexat ion  l e a d s  t o  s e l e c t i v i t y  
determined by charge c o n t r o l  and f o l l o w s  the order o f  the c o e f f i c i e n t s  
of  the LUMO of  the carbon atoms in the s u b s t r a t e .  Where c o m p le x a t io n  
i s  low,  the r e a c t i v i t y  i s  d i c t a t e d  by e l e c t r o n  charge d e n s i t y ,  the
r a d i c a l  p r e f e r e n t i a l l y  a t t a c k i n g  the s i t e  o f  l o w e s t  e l e c t r o n  d e n s i t y .  
The r e l a t i v e  ra te  i s  a l s o  a f f e c t e d  by the r e l a t i v e  r e a c t i v i t i e s  o f  the
f r e e  and the complexed s u b s t r a t e s .
The phenyl  r a d i c a l  i s  n u c l e o p h i l i c  in  aqueous a c i d i c  media,  as  
are the c y c lo h e x y l  and methyl  r a d i c a l s .
T o ta l  e l e c t r o n i c  e n e r g i e s ,  n u c le a r  b inding  e n e r g i e s ,  f r e e  v a l e n c e  
numbers, l o c a l i s a t i o n  e n e r g i e s  and the redox p o t e n t i a l s  
( thermodynamic,  not  r e l a t i v e  to  the hydrogen e l e c t r o d e )  f o r  the
b i a r y l  /  s i g m a - r a d ic a l  c o u p l e s  have been c a l c u l a t e d  by INDO»** and 
CNDO»*» methods (Appendix ) .  The r e a c t i v i t i e s  observed  correspond  w i t h
the c a l c u l a t e d  order  o f  r e a c t i v i t i e s  in  a l l  c a s e s  e x c e p t  fo r
p y r i d a z i n e .  This  i s  a t t r i b u t e d  t o  the e x t e n s i v e  n i t r o g e n - n i t r o g e n  
(N-N) i n t e r a c t i o n s  in  p y r i d a z i n e .  C a l c u l a t i o n s  on model p y r i d a z i n e  
dimers which s im u la te  the N-N i n t e r a c t i o n s  in  p y r i d a z i n e ,  g i v e  c o r r e c t  
p r e d i c t i o n s  f o r  r e a c t i v i t y .  N-N i n t e r a c t i o n s  are found t o  a f f e c t  the
r e a c t i v i t i e s  o f  the o ther  h e t e r o c y c l e s ,  but  to  a l e s s e r  e x t e n t .
Changes in  th e  r a t e s  o f  p h é n y l a t i o n  and m é t h y l a t i o n ,  w i t h  the  
e x t e n t  o f  p r o t o n a t i o n  of  the he ter oar om at ic  b a s e s ,  have been  s t u d i e d ,  
and q u a l i t a t i v e  v a l u e s  f o r  the r e a c t i o n  r a t e s  e s t i m a t e d .
APPENDIX
A . l
D e te r m in a t io n  of  p r o p o r t i onal i t y  c o n s t a n t s : The r e l a t i v e  r a t e s  o f
a t t a c k  o f  the  h e t e r o c y c l e s  by phenyl  r a d i c a l s  in  aqueous a c i d i c  media  
have been e v a lu a te d  by the f o l l o w i n g  method:
1.  The pKa o f  the base has been used to  determine the r a t i o  o f  the  
base to  the p r o ton ate d  base  at  the a p propr ia te  pH.
pH = pKa + Log (1)
S ince  pKa and pH are known for  each experiment  ( B ) / (A )  can be e a s i l y  
d e t e r m in e d .
a n t i l o g  (pH -  pKa) = (B) (2)
TaT
Let (B + A) = (B) + (A) = P ( th e  i n i t i a l  h e t e r o c y c l e  c o n c e n t r a t i o n )  (3)
S u b s t i t u t i n g  f o r  (B) in e q u a t io n  2:
a n t i l o g  (pH -  pKa) = P -  ( A) (4)
(AT
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Thus numeric v a l u e s  f o r  number of  moles  o f  the  a c i d i c  (A) and the  
b a s i c  (B) forms o f  the h e t e r o c y c l e  p r e s e n t  in  the  r e a c t i o n  mixture  
can be determin ed .
Let  ka be the p r o p o r t i o n a l i t y  c o n s ta n t  f o r  the  r a t e  o f  b i a r y l  
form at io n  from A. (No as sumptions  as t o  the e x a c t  nature  o f  the  
r e a c t i o n  or the r a te  l i m i t i n g  s t e p  are made a t  t h i s  s t a g e ) .
Assuming: y i e l d  o f  b i a r y l  d e r iv e d  from A = ka x A (number o f
moles o f  A, the  t o t a l  volume i s  c o n s t a n t ) ,
and : y i e l d  o f  b i a r y l  d e r iv e d  from B = kb x B
We g e t  ( f o r  the 2 - i s o m e r ) :
b i a r y l j  = (ka% x A) + (kb* x B) (5 )
• Since  numerica l  v a l u e s  f o r  b i a r y l ^  ( y i e l d  o f  the 2 - i s o m e r ) ,  A, 
and B are known a s imple l i n e a r  e q u a t io n  in  ka^ ( r a t e  o f  a t t a c k  f o r  
the a c i d i c  form at  the 2 - p o s i t i o n )  and kb^ ( r a t e  o f  a t t a c k  f o r  the  
b a s i c  form at  the 2 - p o s i t i o n )  i s  o b t a in e d .  D i f f e r e n t  numerical  v a l u e s  
f o r  the c o e f f i c i e n t s  A,B, and b i a r y l^  are ob ta in ed  a t  a d i f f e r e n t  pH.
These s im ul taneous  e q u a t io n s  can be so lv e d  f o r  numerical  v a l u e s  of  ka^ 
and k b j .  The u n i t s  fo r  A and B are in  m o le s ,  but  s i n c e  the r e a c t i o n  
i s  assumed to  have gone to  c o m p le t io n ,  in  the absence  o f  r e s u l t s  f o r  
the y i e l d  o f  b i a r y l  form at ion  w i t h  r e s p e c t  t o  t im e ,  meaningful  u n i t s  
f o r  the p r o p o r t i o n a l i t y  c o n s t a n t s  cannot be a s s i g n e d .  The v a l u e s  are  
meaningful  when used to  compare the r e l a t i v e  r e a c t i v i t i e s  o f  the
v a r i o u s  s p e c i e s  and the v a r i o u s  p o s i t i o n s  w i t h i n  the  system.
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A .2
H e_ÎN M _an d _Ç N M _p rogr^ s^
The programs used ,  perform the s tandard LCAO REF MO c a l c u l a t i o n  
u s in g  a b a s i s  o f  N AOs fo r  a m o le c u le  c o n t a i n i n g  2*N(D0CC) + N(SOCC) 
e l e c t r o n s ,  i . e . ,  a s e t  of  N(DOCC) doub ly  o ccup ied  MOs and N(SOCC) 
s i n g l y  occup ied  (open s h e l l )  MOs. I f  N(SOCC) i s  z e r o ,  the program 
m ere ly  omits  the open s h e l l  s e c t i o n  and performs the s imple  
c l o s e d - s h e l l  c a l c u l a t i o n .  The input arguments t o  the  r o u t in e  ( i n  
a d d i t i o n  to  N, N(DOCC), N(SOCC)) are H, COUL, and EXCE; the m a t r i c e s  
o f  o n e - e l e c t r o n  i n t e g r a l s  ( ' c o r e  i n t e g r a l s ' )  Coulomb i n t e g r a l s  ( i i , j  j ) 
and ' exchan ge '  i n t e g r a l s  ( i j ,  i j ) ,  r e s p e c t i v e l y .
The program assumes t h a t  t h e s e  i n t e g r a l s  are over an 
o r t hogona l i s e d  b a s i s  ( i . e . ,  OAOs or OHAOs) and, in  the case  of  
v a l e n c e - o n l y  c a l c u l a t i o n s ,  t h a t  the o n e - e l e c t r o n  i n t e g r a l s  c o n t a in  
p r e c a u t i o n s  a g a i n s t  v a r i a t i o n a l  c o l l a p s e .  Output i s  E, the t o t a l  
e l e c t r o n i c  energy ,  EPS the o r b i t a l  e n e r g i e s ,  and P(TOT) and P(OPEN), 
the charge and bond-order m a t r i c e s .  P(TOT) i s  the t o t a l  charge  
and bond-order  m atr ix  w i th  c o n t r i b u t i o n s  from open and c l o s e d  s h e l l s ,  
and where r e l e v a n t ,  P(OPEN) i s  the o p e n - s h e l l  c o n t r i b u t i o n s  t o  P(TOT).
I f  any s e t  o f  approximat ions  i s  used t o  g e n e r a te  E, COUL and EXCE 
( i n c l u d i n g  o f  c o u r s e ,  'EXCH = O ' ) ,  the program w i l l  enable  t h i s  s e t  o f  
approx im at ions  to  be t e s t e d  w i t h i n  the MO model [ i n c l u d i n g  the  
approx im at ion  i m p l i c i t  in  the use o f  (X)UL, EXŒ: i . e .  ( i j  , k l ) = 0
u n l e s s  i t  i s  o f  Coulomb or exchange t y p e ] .
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Most e x i s t i n g  methods use e m p ir i c a l  d a ta ,  o v e r la p  i n t e g r a l s  and,  
s - t y p e  Coulomb i n t e g r a l s  o f  r e f .  228.  These numbers are ge n e r a te d  
u s in g  the ov e r la p  i n t e g r a l  program o f  r e f e r e n c e  229 t o g e t h e r  w i th  
program GAMMA from r e fe r e n c e  230 .  Also»*»  the program PAIRS e n a b l e s  
any approximat ion  method to  be t e s t e d  in  the w ider  c o n t e x t  o f  a 
many-determinant  model o f  m o le c u lar  e l e c t r o n i c  s t r u c t u r e  (where the  
e l e c t r o n - p a i r  model i s  r e l e v a n t ,  o f  c o u r s e ) .
The most w i d e l y  used approx imat ion methods use the ' i n v a r i a n c e  
p r i n c i p l e '  and make use o f  e m p ir i c a l  q u a n t i t i e s  f o r  some e le m e n ts  o f  
the o n e - e l e c t r o n  Hamilton m a tr ix .  'E m p ir i c a l '  v a l u e s  were found 
w ith  r e s p e c t  to  exper iment or ^  i n i t i o  c a l c u l a t i o n  (or  p a r t s  o f  
b o t h ) . Thus,  the r e s u l t s  o f  th e se  c a l c u l a t i o n s  do not  r e f e r  t o  an 
e x p l i c i t l y - s t a t e d  o r b i t a l  b a s i s  and the  i n t e r p r e t a t i o n  o f ,  f o r  
example,  the charge and bond-order  matr ix  i s  r a th e r  ambiguous.  Using  
an e x p l i c i t  OAO or OHAO b a s i s  and no ' i n v a r i a n c e  p r i n c i p l e '  the way i s  
open t o  i n v e s t i g a t e  NSI schemes in  both  the MO and many-determinant  
f o r m u l a t i o n s .
The s k e l e t o n s  o f  the programs used in  our c a l c u l a t i o n s  are g i v e n  
b e 1 ow :
CNDO ( J .A .P o p l e  and G.A .Segal  J . CHEM.PHYS. ,  (1965)  43 8136)
( i )  A l l  e le m en ts  of  EXCH are zero  : EXCH ( I ,  J ,  ) = 0 ,  I  J
( i i )  Elements  o f  COUL are g i v e n  by the Coulomb i n t e g r a l
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between the s - t y p e  AO on which the two AOs are based:
CODL ( I , J )  = fdvj  fdvj  4>?(D* 0 ? ( 2 ) »
J J i  r ^ j  J
= J  dvj  j* dVjEns^ ( 1 ) ] »  1 [ n ' s ^  ( 2 ) ]
( i i i )  O f f - d ia g o n a l  e lem ents  o f  H are p r o p o r t i o n a l  t o  the
cor respond in g  ove r lap  i n t e g r a l s
H ( I , J )  = S . . ( I  /  J)ap i j
the p r o p o r t i o n a l i t y  c o n s t a n t s  are c h a r a c t e r i s t i c  o f
ap
an atom p a i r  a ,  p and are ob ta in ed  by f i t t i n g  the ab
i n i t i o  c a l c u l a t i o n s .
( i v )  Diagonal  e lem ents  o f  H are taken from observed atomic
data and ' c o r r e c t e d '  f o r  the pr e sen ce  o f  o the r  n u c l e i :
where U i s  a s p h e r i c a l l y - a v e r a g e d  n u c l e a r  a t t r a c t i o n  
ap
i n t e g r a l  :
( l a t e r  papers  use = -Z^ ♦COUL ( I , J ) )
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The atomic data are ob ta in ed  e i t h e r  from atomic  
i o n i s a t i o n  p o t e n t i a l s  (IP)  and/or  e l e c t r o n  a f f i n i t i e s  
(EA) :
W“ = - ( I P ) .  -  (Z -  1)*C0UL ( 1 , 1 )
or
W“ = - [ ( I P ) .  + (EA). ]  -  (Z^ -  0.5)*C0UL ( 1 , 1 )
(v)  I n t e r p r e t a t i o n  of  the o r b i t a l  b a s i s  are ambiguous.
Some workers assume AOs, some assume OAOs.
INDO ( J . A . P o p l e ,  D.L.  Bever idge  and P.A.  Dobosh 
J.Chem.Phys .  (1967)  47 2026)
( i )  Elements  o f  EXCH are inc lu ded  i f  and (|)j are on the
same c e n t r e .  Non-zero e lem en ts  o f  EXCH are taken from 
atomic d a t a .
( i i )  One-centre  e lem ents  o f  COUL are taken  from e xp e r im en ta l  
d a ta ,  o t h e r w is e  the e lem en ts  o f  COUL are ob ta in ed  from 
the CNDO r o u t i n e s .
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( i i i )  The o f f - d i a g o n a l  e le m en ts  o f  H are e v a lu a te d  as in  
CNDO except  that  the a n x i l i a r y  formula
i s  nsed f o r  o n e - c e n t r e  o f f - d i a g o n a l  e le m en ts  f o r  v h i c h
S . .  = 0 .  The W.. are determined from atomic d a t a ,
i j  I J
( i v )  The d iagona l  e lem en ts  o f  H are the same as in  the  
CNDO method: us ing
U .  = -  Z_ *COUL ( I . J ) .ap p
The d e f i n i t i o n  o f  the W? i s  s l i g h t l y  d i f f e r e n t  from the  
CNDO V - v a ln e s  due to  the i n c l u s i o n  o f  the atomic  
exchange i n t e g r a l s .
(v) As f o r  CNDO.
A .3 IDENTIFICATION OF COMPOUNTlS.
A .3 . 1  2 - P h e n y l p y r id i n e
A .3 . 1 . 1  N.M.R.: -
(a)  d o u b le t  a t  8.63ppm,  
i n t e g r a t i o n ,  1 pr o to n
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(b) complex peak w i t b  m u l t i p l e  
s p l i t t i n g  a t  8.02ppm,  
i n t e g r a t i o n ,  3 p r o t o n s .
(c)  complex peak w i th  m u l t i p l e  
s p l i t t i n g  a t  7.42ppm,  
i n t e g r a t i o n ,  5 p r o t o n s .
A .3 . 1 . 2  Mass S pec tra :  -
(a)  mass o f  M+ io n  =155
A.3 . 1 . 3  Carbon A n a l y s i s :  -
(a)  n i t r o g e n  = 9.1%
(b) carbon = 85.0%
(c)  hydrogen = 5.4%
A . 3 , 2  3 - P h e n y l p y r i d i n e .
A .3 . 2 . 1  N.M.R.: -
(a)  s i n g l e t  a t  8.85ppm,  
i n t e g r a t i o n ,  1 proton ,
(b) d o u b le t  a t  8.58ppm,  
i n t e g r a t i o n ,  1 proton ,
(c)  t r i p l e t  a t  7.86ppm,  
i n t e g r a t i o n ,  1 pro ton .
(d)  d o u b le t  a t  7.72ppm,  
i n t e g r a t i o n ,  1 p r o ton .
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( e )  complex peak w i th  m u l t i p l e  
s p l i t t i n g  a t  7.43ppm,  
i n t e g r a t i o n ,  5 p r o t o n s .
A .3 . 2 . 2  Mass Spec tra :  -
(a)  mass o f  M+ io n  =155
A .3 . 2 . 3  Carbon A n a l y s i s :  -
(a) n i t r o g e n  = 9.3%
(b) carbon = 85.1%
A .3 .3  3 - P h e n y I p y r id a z in e
A .3 . 3 . 1  N.M.R.: -
(a)  d o u b le t  a t  9.18ppm,  
i n t e g r a t i o n ,  1 proton ,
(b) t r i p l e t  a t  8.12ppm,  
i n t e g r a t i o n ,  1 proton ,
( c )  d o u b le t  a t  7.80ppm,  
i n t e g r a t i o n ,  1 proton .
(d)  complex peak w i t h  m u l t i p l e  
s p l i t t i n g  a t  7.56ppm,  
i n t e g r a t i o n ,  5 p r o t o n s .
A .3 . 3 . 2  Mass Spectra :  -
(a)  mass o f  M+ i o n  =156
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A .3 . 3 . 3  Carbon A n a l y s i s :  -
(a)  n i t r o g e n  = 18.0%
(b) carbon = 76.2%
(c)  hydrogen = 5.1% 
A .3 .4  4 - P h e n y l p y r i d a z i n e .
A .3 .4 .1 N.M.R.: —
H
h '*
(a)  s i n g l e t  a t  9.09ppm,  
i n t e g r a t i o n ,  1 p r o t o n .
(b) broad d o u b le t  a t  S.GSppm, 
i n t e g r a t i o n ,  1 p r o t o n .
( c )  d o u b le t  a t  9.16ppm,  
i n t e g r a t i o n ,  1 p r o t o n .
(d) complex peak w i t h  m u l t i p l e  
s p l i t t i n g  a t  7.49ppm,  
i n t e g r a t i o n ,  5 p r o t o n s .
A .3 . 4 . 2  Mass Spec tra :  -
(a)  mass o f  M+ io n  =156
A .3 . 4 . 3  Carbon A n a l y s i s :  -
(a)  n i t r o g e n  = 9.7%
(b) carbon = 84.2%
(c)  hydrogen = 5.2%
A .3 .5  2 - P h e n y Ip y r a z in e
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A .3 . 5 . 1  N .M .R .: -
(a)  s i n g l e t  a t  9 .06ppm,  
i n t e g r a t i o n ,  1 p r o t o n .
(b) d o u b le t  a t  8.65ppm,  
i n t e g r a t i o n ,  1 p r o t o n .
(c )  d o u b le t  a t  8 . 52ppm. 
i n t e g r a t i o n ,  1 p r o t o n .
(d) complex peak w i t h  m u l t i p l e  
s p l i t t i n g  a t  7 .56ppm,  
i n t e g r a t i o n ,  5 p r o t o n s .
A .3 . 5 . 2  Mass Spectra:  -
(a)  mass o f  M+ ion  =156
A .3 . 5 . 3  Carbon A n a l y s i s :  -
(a)  n i t r o g e n  = 9.3%
(b) carbon = 85.1%
(c)  hydrogen = 5.2%
A .3 . 6  2 - P h e n y lp y r im id in e .
A .3 . 6 . 1  N.M.R.: -
(a)  complex peak a t  8.73ppm,  
i n t e g r a t i o n ,  3 p r o t o n s .
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(b)  complex peak a t  7.84ppm,  
i n t e g r a t i o n ,  5 p r o t o n s .
A .3 . 6 . 2  Mass S pec tra :  -
(a) mass of  M+ io n  =156
A .3 . 6 . 3  Carbon A n a l y s i s :  -
(a)  n i t r o g e n  = 9.1%
(b) carbon = 84 .8  %
(c)  hydrogen = 5.6%
A .3 . 7  4 - P h e n y l p y r im id in e .
A .3 . 7 . 1  N.M.R.: —
(a) s i n g l e t  a t  9 .30ppm,  
i n t e g r a t i o n ,  1 p r o t o n .
(b) d o u b le t  a t  8.18ppm,  
i n t e g r a t i o n ,  1 p r o t o n .
(c )  d o u b le t  a t  9.21ppm,  
i n t e g r a t i o n ,  1 p r o t o n .
(d)  complex peak w i t h  m u l t i p l e  
s p l i t t i n g  a t  7.62ppm,  
i n t e g r a t i o n ,  5 p r o t o n s .
A .3 . 7 . 2  Mass S pec tra :  -
(a)  mass o f  M+ io n  =156
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A .3 . 7 . 3  Carbon A n a l y s i s :  -
(a)  n i t r o g e n  = 9.0%
(b) carbon = 84 .6  %
(c)  hydrogen = 5.0%
Some r e s id u e  was a l s o  o b ta in ed  
A .3 . 8  5 - P h e n y l p y r im id in e .
A .3 . 8 . 1  N.M.R.: -
(a)  s i n g l e t  a t  9.28ppm,  
i n t e g r a t i o n ,  1 p r o t o n .
(b) s i n g l e t  a t  9.08ppm,  
i n t e g r a t i o n ,  2 p r o t o n s .
(c )  complex peak w i t h  m u l t i p l e  
s p l i t t i n g  a t  7.58ppm,  
i n t e g r a t i o n ,  5 p r o t o n s .
A .3 . 8 . 2  Mass Spec tra :  -
(a)  mass of  M+ ion  =156
A .3 . 8 . 3  Carbon A n a l y s i s :  -
(a)  n i t r o g e n  = 9.1%
(b) carbon = 84.6%
( c )  hydrogen = 5.0%
Some r e s id u e  was a l s o  o b ta in ed
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A. 3 . 9  Re t e n t i o n  Times ob t a i n e d by g . l . c .
CCnçxjund Column Ten^ ).
®C.
Inlet
pressure
p . s . i .
Flow
rate
ml .min”^
Ret.
time
min.
Rel.Ret.*
time
Response
(Area/Area)**
Biphenyl 1%FFAP 151 18 35 3.9 0,619 1.40
Dibenzyl f f 151 18 35 15.5 1.0 1.0
3-Phei^ Ipyr idaz ine r f 151 18 35 47.3 9.76 0.68
4-Pheny Ipyr idaz ine r r 151 18 35 67.9 12.01 0.69
Pheny Ipyr az ine 2%PBGA 178 18 43 10.2 1.62 0.74
2-Pher^T pyrimidine f 9 178 18 43 21.0 7.08 0.77
4-Phen)Tp^ imidine 9 9 178 18 43 12.8 4.30 0.77
5-Phenj’lpyr imidine 9 9 178 18 43 18.5 6.21 0.77
2-Mfc thy Ipyr idine 9 9 115 9.5 24 7.0 1.24 0.83
3-Me thy Ipyr idine 9 9 115 9.5 24 11.2 1.98 0.83
• 4-M£Üiylp3Tidinet 9 9 115 9.5 24 11.7 2.07 0.80
Benzoic acidtt 1%FFAP 151 18 35 24.8 3.94 0.28
* retention time with respect to dibenzyl.
♦♦ area of peak for cœçonnd/area of peak for same weight of dibenzyl. 
t Small hœç) at retention time of 10.5 min. obtained for this cocçonnd 
even after extensive purification,  
ft Broad peak with considerable tail ing.
gie retention times and responses with respect t o dibenzyl obtained 
for sane of the compocnds analysed by g . l . c .
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